UNCLASSIFIED 


_ AD  NUMBER _ 

AD819141 

LIMITATION  CHANGES 
TO: 

Approved  for  public  release;  distribution  is 
unlimited. 


FROM: 

Distribution  authorized  to  U.S.  Gov't,  agencies 
and  their  contractors ; 

Administrative/Operational  Use;  JUN  1967.  Other 
requests  shall  be  referred  to  Rome  Air 
Development  Center ,  Griff iss  AFB,  NY. 


_ AUTHORITY 

RADC  ltr  27  Aug  1973 


THIS  PAGE  IS  UNCLASSIFIED 


SINGLE  CHANNEL  MONGPULSE  TECHNIQUES 

Samuel  Boer 
Melvin  Harvey 
Guy  Pelchat 
et  ai 

Radiation  incorporated 


TECHNICAL  REPORT  VO .  RADC-TR-67-143 
June  1967 


This  docomo*!  is  subject  to  special 
export  controls  end  escb  transmittal 
to  foreign  governments,  foreign  na- 
t locals  or  representatives  thereto  may 
be  node  only  with  prior  approval  of 
KADC  (EML1),  GAFB,  N.Y.  13440 


Rome  Air  Development  Center 
Air  Force  Systems  Command 
Griffis*  Air  Force  Base,  New  York 


■  •'•  ...  !’iii 


-  -  ;  ■■ .  ;  /  f  - 

^fl^GoversmeocdrtiriB/ta,  specifications ,  or  otfa er  data  are  csed  W7  __  ’ 

ta*a  a  <krfi£ntely  related  “  .  ,  csc®  {0T  «&?  JWtpcs*  other 

no  responsibility  aor  iay  bUirjiM  wbSLrer  kcafi 

formula  ted,  furnished,  orfo  any  «»  saw>n«i  *  *•«**■««*  a*.y  hare 

*sgss£s5aL: 

’  sen  any  panted  invention  that  may  in  any  *ay  be  related  thereto. 

-.  ..  ’’-*¥ 


M ' 
>*  •* ' 


’*>-'  -  e  i  Jr** 


Do  not  return  this 


copy.  Retain  or  destroy. 


SINGLE  CHANNEL  MONOPULSE  TECHNIQUES 

Samuel  Boor 
Melvin  Harvey 
Guy  Pelchat 
et  ol 

Radiation  Incorporated 


This  document  is  subject  to  special 
export  controls  and  each  transmittal 
to  foreign  governments,  foreign  na¬ 
tionals  or  repreaentMives  thereto  may 
be  made  only  with  prior  approval  of 
RADC  (EMLI),  GAFB,  N.Y.  13440 


me,  QAFB,  K.Y.,  26  Au*  67-126 


FOREWORD 


This  final  report  was  prepared  by  Radiation  Incorporated, 

P.  0.  Box  37,  Melbourne,  Florida  32902  under  Contract  Ho.  AF30(602)-4035, 
Project  4519,  Task  451901,  covering  the  period  January  1966  to 
January  1967. 

Lt  E.  Scheel,  EMCRR,  of  the  Rome  Air  Development  Center,  Griffiss 
Air  Force  Base,  New  York,  was  the  RADC  Project  Engineer. 

Significant  contributions  were  made  to  this  report  by  the  following 
Radiation  Incorporated  personnel:  D.  F.  Lehman,  M.  L.  Livingston, 

A.  R.  Martin,  H.  G.  Edwards,  C.  A.  Catsimanes,  and  G.  H.  Smith. 

This  technical  report  has  been  reviewed  by  the  Foreign  Disclosure 
Policy  Office  (EMLl).  It  is  not  releasable  to  the  Clearinghouse 
for  Federal  Scientific  and  Technical  Information  because  this  document 
contains  information  embargoed  from  release  to  Sino-Soviet  Bloc 
Countries  by  AFR  400-10,  "Strategic  Trade  Control  Program." 


This  technical  report  has  been  reviewed  and  is  approved. 


Approved: 


ERIC  E.  SCHEEL,  1st  Lt,  USAF 
Project  Officer 


ABSTRACT 


This  report  is  the  Final  Technical  Report  for  Contract 
Number  AF  30(602)-4035,  "Single  Channel  Monopulse  Techniques.  " 

It  describes  the  results  of  a  study  and  investigation  to  obtain  a  tech¬ 
nique  for  processing  both  the  communications  and  tracking  signals  in 
a  single  receiver  in  a  satellite  communications  system.  Various 
techniques  'were  studied,  with  emphasis  on  Pseudo-Monopulse, 

Frequency  Division  Multiplexing,  Time  Division  Multiplexing,  and 
the  Automatic  Manual  Simulator  (AMS),  a  mechanical  scanning  method. 
All  systems  were  analyzed  to  determine  basic  feasibility.  Detailed 
analyses  of  the  most  promising  techniques  (Poeudo-Monopulse,  AMS, 
FDM)  were  made.  Major  factors  considered  were:  performance  in  the 
presence  of  thermal  noise,  errors  due  to  phase  and  amplitude  unbalance, 
normalization  (dependence  of  pointing  error  on  received  signal  strength), 
acquisition  problems,  and  equipment  complexity.  A  relative  evaluation 
of  all  Single  Channel  Monopulse  Tracking  Receiver  (SCMTR)  techniques, 
including  three  channel  monopulse  for  comparison,  was  made,  and 
Pseudo -Monopulse  was  shown  to  offer  the  most  advantages  for  the 
stipulated  conditions.  A  complete  Pseudo -Monopulse  receiver  design 
was  accomplished  and  is  included  in  this  report.  The  AMS  technique 
was  shown  to  be  useful  when  equipment  simplicity  is  the  prime  goal, 
and  this  technique  is  also  described  in  detail,  including  the  results  of 
a  one -axis  analog  computer  simulation. 
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EVALUATION 


The  objective  of  this  study  vas  to  investigate  all  possible 
single  channel  monopulse  tracking  techniques  which  would  reduce 
equipment  complexity  in  the  tracking  system  of  a  satellite 
communications  terminal,  and  to  develop  a  design  which  could  be 
reduced  to  practice  using  the  best  technique. 

In  this  program,  a  literature  search  was  conducted  and 
several  techniques  were  evaluatod.  As  a  result  of  thi3  evaluation, 
it  was  concluded  that  the  Pseudo  Monopulse  technique  offered 
the  most  advantages  for  the  stipulated  conditions.  The  block 
diagram  of  a  design  which  is  currently  in  use  on  satellite 
terminals  i3  presented. 


_  * 

ERIC  E.  SCHEEL,  1st  Lt,  USAF 
Project  Engineer 
RADC,  Griff iss  AFB,  NY 


SECTION  I 


INTRODUCTION 


1.  OBJECTIVE 

The  objective  of  this  study  program  was  to  develop  a  single  channel 
receiver  technique  which  could  be  used  in  the  design  of  ground  terminal 
receivers  in  a  communications  satellite  system.  The  Single  Channel  Mono¬ 
pulse  Tracking  Receiver  (SCMTR)  technique  was  developed  to  satisfy 
design  requirements  which  are  discussed  in  detail  in  Section  II.  A  synopsis 
of  the  basic  design  criteria  follows: 

a.  The  SCMTR  must  be  capable  of  processing  both  tracking  and 
communications  signals  in  a  single  receiver. 

b.  The  basic  technique  must  result  in  a  design  which  minimizes 
overall  equipment  complexity. 

c.  The  communications  link  shall  be  degraded  by  a  maximum  of 
2  dB,  with  a  design  goal  of  1  dB,  over  that  achieved  with  a  conventional 
three  channel  monopulse  system. 

a.  An  adequate  tracking  capability  shall  be  provided,  but  there 
is  no  requirement  for  tracking  above  that  necessary  to  meet  the  link 
degradation  specification. 

In  short,  the  objective  of  this  study  program  was  to  devise  a  technique 
for  combining  the  tracking  and  communications  information  on  a  single 
channel  such  that  a  net  savhg  in  equipment  would  result  (as  compared  with 
a  three  channel  monopulse  receiver  system)  and  at  the  expense  of  only  a 
slight  performance  degradation.  That  such  a  concept  is  feasible  can  be 
seen  by  noting  that  a  major  difference  exists  between  a  tracking  system 
(e.  g.  ,  radar)  and  a  communications  system.  In  the  former,  tracking  per  se 
is  the  desired  result,  whereas,  in  the  latter  tracking  is  used  only  as  needed 
to  maintain  communications.  In  many  satellite  communications  applications, 
basic  monopulse  tracking  capability  can  be  degraded  by  one  or  two  orders  of 
magnitude  without  greatly  reducing  the  communications  capability.  When 
the  tracking  requirements  are  reduced,  it  is  reasonable  to  assume  that  some 
savings  in  equipment  can  be  effected.  This  fundamental  tradeoff  between 
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hardware  complexity  and  degradation  of  the  commuiications  link,  with 
tracking  capability  as  a  variable,  was  the  basis  for  the  study  program. 

2.  APPROACH 

The  program  was  divided  into  six  tasks,  not  including  the  prepara¬ 
tion  of  reports.  The  first  task  was  to  perform  a  literature  search.  The 
search  was  concentrated  in  four  general  areas  -  general  monopulse  theory 
and  practice,  single  channel  tracking  techniques,  relevant  microwave 
(including  feeds  and  comparator)  theory  and  techniques,  and  relevant  re¬ 
ceiver  theory  and  hardware.  The  bibliography  to  this  report  is  largely 
the  result  of  the  literature  search. 

The  second  task  was  the  Basic  System  Study  task.  The  purpose  of 
this  effort  was  to  develop  the  basic  ground  rules  for  the  remainder  of  the 
study.  Basic  terminology,  fundamental  considerations  involving  the 
satellite,  antenna  mount,  environmental  conditions  and  other  factors  which 
determine  tracking  dynamics,  the  basic  scope  of  work,  signal  characteristics, 
and  the  communications  link  characteristics  were  defined  as  a  part  of  this 
task.  In  addition,  those  factors  which  would  be  used  to  compare  the  various 
SCMTR  techniques  were  delineated.  In  short,  this  task  served  to  define  the 
problem,  place  reasonable  limitations  on  the  scope  of  work,  and  indicate 
specific  areas  of  endeavor. 

The  SCMTR  Systems  task  included  the  definition  and  analysis  of 
specific  techniques.  A  generic  breakdown  included  Time  Division  Multi¬ 
plexing  (TDM),  Frequency  Division  Multiplexing  (FDM),  and  hybrid 
techniques  (including  pseudo-monopulse  and  lobing).  Initially,  basic 
advantages  and  limitations  of  each  technique  were  determined.  Next,  the 
most  promising  techniques  were  evaluated  in  detail. 

The  fourth  task,  performed  concurrent  with  the  SCMTR  Systems  task, 
was  an  equipment  limitation  study.  The  purpose  of  this  task  was  to  determine 
the  state-of-the  art  equipment  limitations  for  each  of  the  SCMTR  techniques 
and  to  supply  the  information  necessary  to  perform  a  tradeoff  evaluation 
between  equipment  complexity  and  performance  characteristics. 

The  fifth  task  was  an  evaluation  of  the  various  techniques  on  a  relative 
basis.  As  a  part  of  this  evaluation,  a  presentation  of  the  results  of  the 
program  to  date  was  made  at  Rome  Air  Development  Center  on  28  November 
1966.  A  summary  of  the  evaluation  is  found  in  Section  III.  Results  of  the 
evaluation  were  used  to  determine  the  techniques  to  be  used  in  the  SCMTR 
System  Design. 

The  final  task,  the  SCMTR  System  Design,  was  the  design  of  an 
SCMTR  utilizing  the  best  technique,  as  determined  in  the  SCMTR  evaluation 
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task.  A  detailed  design,  including  block  diagrams  and,  as  applicable, 
circuit  diagrams  which  can  be  reduced  to  practice  was  accomplished  for 
the  pseudo -monopulse  technique.  This  design  is  presented  in  Section  IV. 

In  addition,  a  less  detailed  design  was  accomplished  for  the  Automatic 
Manual  Simulator  (AMS),  a  technique  which  appears  advantageous  under 
some  circumstances.  The  AMS  is  described  in  Section  V. 

3.  SUMMARY  OF  RESULTS 

The  principal  result  of  this  program  might  appear  to  be  the  SCMTR 
design  described  in  Section  IV.  The  real  value  of  the  study,  however,  is 
in  the  analyses  found  in  Sections  VI  through  XIII  and  in  the  Appendices.  The 
analyses  can  be  used,  as  appropriate,  for  a  wide  choice  of  systems.  For 
example,  the  different  requirements  of  large,  fixed  site  terminals,  of  very 
small  terminals,  of  airborne  terminals,  and  of  telemetry  systems  or  other 
non-related  data  gathering -tracking  systems  can  be  used  in  conjunction  with 
the  analyses  to  determine  the  feasibility  of  using  a  SCMTR.  For  the  present 
pi  iblem  -  a  fifteen  foot  antenna,  8  GHZ  frequency,  elevation-over-azimuth 
mount,  transportable  ground  station  operating  with  synchronous,  near- 
synchronous,  and  6000  n.  m.  orbit  satellites  -  the  pseudo-monopulse  technique 
appeared  to  offer  the  greatest  advantage.  The  AMS  was  also  a  desirable 
technique,  particularly  in  the  case  when  hardware  simplicity  is  of  utmost 
importance. 

The  results  of  the  study  program  can  perhaps  be  best  summarized 
by  describing  the  contents  of  this  report.  Section  II  defines  the  SCMTR 
requirements,  develops  specifications,  defines  the  scope  of  the  program, 
and  discusses  briefly  the  types  of  single  channel  techniques.  Section  III 
is  a  summary  of  the  comparative  evaluation  of  all  SCMTR  techniques.  The 
results  of  the  evaluation  led  to  the  design  of  a  pseudo-monopulse  system, 
which  is  the  subject  of  Section  IV.  A  further  result  of  the  evaluation  was 
that  the  AMS  technique  should  be  investigated  further,  and  the  results  of  the 
AMS  analysis  -  design  are  found  in  Section  V. 

Section  VI  contains  an  analysis  of  antenna  and  feed  characteristics 
for  both  amplitude  sensing  and  phase  sensing  monopulse  systems.  Section  VII 
analyzes  the  effects  of  pre- comparator  and  post-comparator  unbalances,  both 
in  amplitude  and  phase.  Section  VIII  considers  the  normalization  problem; 
i.  e. ,  the  problem  of  obtaining  an  error  signal  which  is  independent  of 
received  signal  strength.  Section  IX  is  an  analysis  of  a  monopulse  system 
operating  in  the  presence  of  thermal  noise. 

The  TDM  technique  is  described  in  Section  X,  and  FDM  methods, 
including  SCAMP,  are  described  in  Section  XI.  Pseudo-monopul.se  is 
analyzed  in  Section  XII,  although  a  rigorous  analysis  of  the  operation  in 
the  presence  of  thermal  noise  is  reserved  for  Appendix  fl.  Two-channel 


.r,il  H  UkcOi 


monopulse  (where  the  error  signals  are  in  phase  quadrature)  amplitude  and 
phase  errors  are  discussed  in  Section  XIII.  The  conclusions  and  recommenda¬ 
tions  are  found  in  Section  XIV. 

Appendix  I  derives  a  significant  limitation  on  the  efficiency  of  passive 
(both  reciprocal  and  non- reciprocal)  three-ports.  Appendix  II  contains  a 
noise  analysis  of  pseudo-monopulse.  Appendix  HI  contains  a  survey  of 
X-band  low  noise  receivers.  Appendix  IV  discusses  the  satellite  acquisition 
problem  in  a  pseudo- monopulse  receiving  system. 


SECTION  II 


BASIC  SYSTEM  STUDY  TASK 
1,  INTRODUCTION 

The  purpose  of  this  section  is  to  define  the  single  channel  monopulse 
tracking  receiver  (SCMTR)  requirements.  This  program  definition 
encompasses  the  specific  contractual  requirements,  additional  req’iirements 
derived  from  these  specifications,  a  plan  for  meeting  these  requirements, 
and  a  method  for  evaluating  the  results  of  the  program. 

The  objective  of  the  overall  program  was  to  develop  a  technique 
which  would  allow  a  single  channel  receiver  to  be  used  simultaneously 
for  both  tracking  and  communications  signals.  This  SCMTR  would  mini¬ 
mize  equipment  complexity  without  appreciably  degrading  the  system 
performance  compared  with  a  conventional  three  channel  receiver.  Thus, 
a  premium  was  placed  on  system  simplicity  and  there  was  no  need  for 
tracking  accuracies  in  excess  of  those  required  for  good  communications; 

1. e.  ,  an  increase  in  tracking  accuracy  per  se  was  of  no  benefit  to  the 
system.  However,  a  tracking  accuracy  sufficient  to  maintain  high  3um 
channel  gain  was  mandatory. 

The  scope  of  the  program  is  discussed  in  detail  in  this  section. 

Specific  techniques  which  were  studied  are  described,  and  tradeoff  analyses 
which  were  to  be  made  are  tabulated.  The  results  from  this  task  were 
used  in  the  remaining  program  tasks.  The  most  important  output  from 
this  task  was  a  measure  of  the  '  goodness’'  of  the  various  techniques;  i.e.  , 
the  criteria  for  selecting  the  "best"  SCMTR  techniques.  Other  significant 
outputs  included  limits  on  the  scope  of  work,  fundamental  performance 
equations,  and  identification  of  the  requirements  for  several  specific 
analyse  s. 

2.  COMMUNICATIONS  TERMINAL 

The  SCMTR  design  is  intended  for  use  in  ground  terminals  of  a 
satellite  communications  system.  The  following  paragraphs  discuss  the 
ground  terminal  characteristics  and  their  impact  on  the  SCMTR  design. 
Ground  terminal  requirements  are  typical  of  satellite  communications 
terminals.  Furthermore,  the  basic  requirements  do  not  significantly 
restrict  the  generality  of  the  expected  results,  as  will  be  shown  in  later 
paragraphs. 

The  antenna  being  primarily  considered  is  a  15-foot  diameter 
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parabola.  Of  secondary  consideration  is  a  60-foot  parabolic  antenna 
as  well  as  sizes  in  between,  when  applicable.  The  antenna  size  is  of 
major  importance  when  considering  initial  acquisition,  particularly 
the  larger  dishes,  since  the  resultant  narrow  beamwidths  aggravate 
the  acquisition  problem.  The  overall  size,  mass,  moments  of  inertia, 
structural  rigidity,  characteristic  frequencies,  etc.,  are  extremely 
important  in  the  servo  system  design,  but  these  mechanical  charac¬ 
teristics  are  not  of  first  order  importance  in  determining  the  SCMTR 
configuration.  The  main  limitation  which  results  from  a  given  structure 
and  its  drive  system  is  a  maximum  value  for  servo  bandwidth.  It  will 
be  shown  in  this  section  that  the  dynamic  requirements  are  such  that  a 
very  wide  servo  bandwidth  is  not  necessary.  As  a  result,  the  mechanical 
characteristics  and  limitations  are  of  minimum  impact  to  the  SCMTR 
design  and  were  not  given  detailed  attention  during  the  study  program. 

The  antenna  parameters  which  are  of  most  significance  to  this  study  are 
beam  width  and  gain,  and  these  parameters  are  discussed  in  Paragraph 
3.  of  this  section. 

The  antenna  will  be  mounted  in  an  elevation-over-azimuth  (Az-El) 
configuration.  This  type  of  mount  is  conventional  and  has  several 
operational  advantages.  It  also  exhibits  a  major  disadvantage  -  namely, 
a  "keyhole"  at  the  zenith  position.  This  is  easily  illustrated  by  consider¬ 
ing  a  zenith  pass,  which  is  characterized  by  a  constant  azimuth  angle  and 
an  increasing  elevation  angle.  At  the  zenith  point,  the  elevation  angle 
starts  to  decrease  and  the  azimuth  angle  is  required  to  instantaneously 
shift  by  180  degrees.  In  the  case  of  near-zenith  passes  a  similar  situa¬ 
tion  occurs,  but  the  azimuth  dynamic  requirements  are  finite.  In  all  cases, 
whether  a  90°  maximum  elevation  angle  or  a  non- restricted  elevation  angle 
is  used,  the  keyhole  effect  is  present.  Solutions  to  this  problem  are 
available  by  using  some  form  of  computed  trajectory  and  slewing  the  antenna 
accordingly. 

Use  of  an  Az-El  mount  implies  the  need  for  protective  circuitry.  A 
typical  mount  would,  for  example,  contain  a  mechanical  stop,  an  electrical 
limit,  a  servo  limit  and  a  rate  limit.  The  mechanical  stop  is  a  final, 
structural  limit  which  prevents  the  antenna  from  exceeding  some  elevation 
angle.  Stops  would  typically  occur  above  zenith  (95°  to  100°)  and  below  the 
horizon  (-5°  to  -10  ).  The  mechanical  stops  are  the  final  limit  and,  unless 
failures  occur  in  the  other  protective  circuitry,  these  stops  would  never  be 
used.  The  electrical  stops  are  typically  limit  switches  set  to  prevent  the 
antenna  from  reaching  the  mechanical  stops.  The  servo  limit  is  a  mechanism 
which  does  not  allow  servo  errors  to  be  generated  which  would  cause  the 
mechanical  stops  to  be  reached.  This  servo  limit  is  more  restrictive  than 
the  electrical  limit  switches.  A  rate  limit  may  also  be  incorporated  to  limit 
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the  angular  rate  toward  zenith  (when  near  zenith)  and  toward  the  horizon 
(when  near  the  horizon).  The  ^e  and  other  protective  devices  are  typically 
a  part  of  the  Az-El  mount  and  servo  system  design  and  are  not  peculiar 
to  a  SCMTR  system.  Further  consideration  of  protective  circuitry  which 
is  conventional  to  Az-El  mounts  has  not  been  made,  since  it  falls  outside 
of  the  scope  of  the  present  program. 

The  frequency  of  operation  is  nominally  8  GHZ  with  an  accuracy 
and  stability  of  one  part  in  10°.  The  frequency,  which  is  compatable  with 
present  and  anticipated  communications  satellites,  is  extremely  pertinent 
to  the  SCMTR  design.  Equipment  limitations,  such  as  noise  temperature 
and  gain  as  a  function  of  hardware  complexity,  are  dependent  on  operating 
frequency.  Link  considerations,  including  antenna  gains,  beamwidths, 
path  losses,  rain  losses,  etc.  are  also  highly  frequency  dependent. 


Frequency  accuracy  can  affect  the  SCMTR  uesign,  and  the  specified 
value  of  1  part  in  10^  will  provide  sufficient  accuracy  and  stability  for  any 
SCMTR  techniques  presently  visualized.  The  net  frequency  uncertainty 
due  to  doppler,  satellite  translators,  and  short  term  effects  will  generally 
be  much  greater  than  1  part  in  10^.  The  modulation  will,  in  general,  im¬ 
pose  bandwidth  requirements  significantly  greater  than  the  frequency 
uncertainty  due  to  stability  limitations.  Asa  result,  frequency  accuracy 
and  stability  are  not  restrictive  and  will  not  be  an  important  consideration 
in  most  SCMTR  systems. 


Preamplifiers  used  with  the  SCMTR  must  be  compatable  with  highly 
transportable  terminals.  A  survey  of  low-noise  receivers  has  been  made 
as  a  part  of  this  program  to  allow  the  proper  system  tradeoffs  to  be  made. 
The  survey  is  included  as  Appendix  III  of  this  report.  Preamplifiers  are 
extremely  important  in  this  study  since  the  equipment  complexity  and 
system  performance  are  directly  affected,  and  in  conflicting  ways.  The 
use  of  one  or  more  preamplifiers  in  pseudo -monopulse  is  discussed  in 
detail  in  Paragraph  3  of  Section  XII. 


Operation  with  active  satellites  with  orbits  ranging  from  6000  nautical 
miles,  to  near- synchronous,  to  synchronous  is  required.  These  conditions 
include  both  IDCSP  and  ADCSP  satellites,  and  are,  therefore,  of  both 
immediate  and  long-range  importance.  The  orbits  affect  basic  link  para¬ 
meters,  frequency  uncertainty,  and  the  overall  servo  system.  In  general, 
the  lowest  altitude  orbit  determines  the  dynamic  tracking  requirements 
and  the  acquisition  problem,  whereas,  the  maximum  altitude  orbit  is  most 
significant  in  the  communications  link  budget  (received  power  level,  re¬ 
quired  transmit  power  level). 

The  received  signal  may  be  either  a  CW  signal  or  an  angle  modulated 
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signal.  The  satellite  beacon  signal  may  be  used  for  tracking  and  thus  the 
need  for  CW  operation.  The  communications  channel  may  be  frequency 
modulated  with  analog  or  digital  information.  A  maximum  analog  base¬ 
band  of  8  kHz  with  a  maximum  modulation  index  of  10  is  stipulated.  Thus, 
a  maximum  RF  bandwidth  of  160  kHz  is  needed.  The  minimum  baseband 
frequency  will  be  approximately  300  Hz,  assuming  conventional  voice  and 
FDM  operational  characteristics. 

A  maximum  data  rate  of  4800  bits  per  second  has  been  stipulated 
for  the  digital  signal.  The  maximum  bandwidth  anticipated  for  the  digital 
mode  is  less  than  for  the  analog  mode,  since  a  relatively  low  modulation 
index  can  be  used  to  obtain  very  low  bit  error  rates.  Thus,  the  maximum 
bandwidth  to  be  considered  is  160  kHz,  as  established  by  the  analog  channel. 
Various  combinations  of  voice  and  teletype  can  be  accomplished  within  this 
bandwidth. 

The  signal  bandwidths  are  very  important  in  most  SCMTR  systems. 

For  example,  the  maximum  bandwidth  is  important  in  FDM  (for  channel 
separation  and  crosstalk  considerations)  and  TDM  (for  sampling  rate  and 
single  channel  bandwidth).  The  minimum  baseband  frequency  i3  important 
in  pseudo-monopulsc  and  sequential  lobing  (for  switching  rates).  Although 
the  minimum  information  rate,  300  Hz,  and  the  maximum  bandwidth,  160 
kHz,  will  be  of  prime  importance,  the  impact  of  different  modems  on  a 
given  SCMTR  technique  will  be  cons:!  lered  as  applicable. 

3.  SCMTR  SPECIFICATIONS 

The  basic  ground  terminal  characteristics  were  discussed  in  the 
previous  section,  and  resulted  in  some  general  SCMTR  performance  require¬ 
ments.  Several  additional  specific  requirements  were  imposed  by  the  State¬ 
ment  of  Work  (PR  C-6-2059)  and  still  others  were  derived  from  the  system 
requirements.  These  requirements  have  been  discussed,  derived  (as 
appropriate),  and  tabulated  to  form  the  SCMTR  Design  Criteria. 

Several  general  subjects,  such  as  the  communications  link,  will  be 
discussed  briefly  since  they  affect  the  overall  system  requirements.  The 
antenna,  servo  system,  and  basic  structural  components  and  the  inter¬ 
relations  between  these  uni^s  must  be  defined  to  accomplish  an  overall 
terminal  design.  However,  pxese  units  specifically  are  not  within  the  scope 
of  the  present  work.  Asa  result,  several  key  parameters  will  not  be 
specifically  discussed,  although  their  effect  on  the  SCMTR  design  will  be 
estimated.  For  example,  the  antenna  system  inertias,  frictions,  windload, 
backlash,  and  environmental  requirements  are  of  vital  importance  in  deter¬ 
mining  the  servo  design  and  the  res'  ltant  servo  bandwidth.  However,  the 
system  is  not  sufficiently  well  defined  to  determine  all  of  the  above 
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characteristics,  and  these  details  should  not  affect  the  basic  SCMTR  require¬ 
ments.  The  approximate  range  of  servo  bandwidths  will  be  determined  from 
target  dynamics  and  p?st  experience  on  similar  designs.  In  short,  the  pro¬ 
blem  will  not  be  constrained  any  further  than  necessary  in  order  that  the 
resultant  SCMTR  design  be  as  versatile  as  possible. 

a.  Satellite /Link  Considerations 

This  paragraph  will  discuss  the  communications  link  as  it  affects 
the  SCMTR  design.  The  up-link,  ground  station  transmitter  to  satellite 
receiver,  will  not  be  considered  since  it  does  not  materially  affect  the  de¬ 
sign.  A  sufficient  transmitter  power  to  address  the  satellite  is  assumed, 
and  with  enough  margin  to  tolerate  minor  pointing  errors  (small  fractions 
of  a  beamwidth).  The  down-link  is  important  to  the  SCMTR  design  in  a 
relative  rather  than  absolute  sense;  i.e.,  the  absolute  value  of  average 
received  power  would  affect  the  channel  capacity  (and  this  is  discussed  in 
later  sections),  but  variations  in  received  power  are  of  most  importance 
at  present.  For  example,  variations  due  to  rain,  satellite  antenna  pointing 
errors,  or  ground  antenna  pointing  errors  are  very  important  to  some 
SCMTR  techniques. 

It  will  be  assumed  that  the  down-link  signal  power  will  be  used 
with  only  a  small  margin  for  variations  and,  therefore,  antenna  losses  due 
to  pointing  errors  are  of  greatest  importance.  The  absolute  power  levels, 
such  as  satellite  ERP,  "free  space  loss",  polarization  losses,  and  miscel¬ 
laneous  filter  and  line  losses  are,  therefore,  not  important  individually. 

The  receiver  antenna  gain  is  not  of  great  importance,  for  the  same  reasons, 
but  the  beamwidth  is  a  critical  item.  Similarly,  time  variable  losses  such 
as  satellite  spin  (resulting  in  satellite  antenna  gain  variations),  atmospheric 
absorption,  and  tracking  error  loss  (allowable)  are  important  in  the  SCMTR 
design. 


The  antenna  gain,  for  a  15-foot  parabola  operating  at  8  GHz 
will  be  49  to  50  dB,  depending  upon  the  efficiency  (efficiencies  from  55%  to 
75%  can  be  obtained.  The  half-power  beamwidth  ranges  from  0.  54  to  0.6 
degrees  in  the  H-  and  E -planes,  respectively.  A  nominal  beamwidth  of 
0.  58  degrees  will  be  used  in  succeeding  paragraphs  to  determine  tracking 
dynamics.  If  the  antenna  size  were  increased  to  a  60-foot  diameter,  the 
gain  would  increase  by  approximately  12  dB  and  the  beamwidth  would  be  re¬ 
duced  by  a  factor  of  4  to  approximately  0.  145  degrees. 

Signal  variations  caused  by  the  satellite  are  principally  due  to 
power  di'-’sion  in  the  limiter  and  spin  axis  effects.  Power  division  occurs 
in  the  li  .er  when  the  number  of  users  is  greater  than  one.  Changes  in 
the  number  of  users  causes  changes  in  the  output  power  in  a  given  channel. 
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ONE-WAY  ATTENUATION  (DR/NAUTICAL  MILE) 
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MAXIMUM  RAIN  PATH  LENGTH  (KM) 
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It  should  be  rioted  at  this  point,  that  there  is  a  nonlinear  re- 
lat;onship  between  the  sensitivity  of  link  degradation  and  azimuth  axis 
error.  The  elevation  error  relationship  is  linear.  This  situation  has  the 
effect  of  making  the  link  more  sensitive  to  elevation  than  to  azimuth  errors 
at  all  e le va tion angle s  above  the  horizon.  The  basis  for  this  statement  can 
be  tested  quite  simply  by  considering  the  extreme  special  case  at  zenith 
where  error  in  the  azimuth  axis  merely  rotates  the  beam  about  the  line  of 
sight  and  causes  no  link  degradation  whatsoever,  no  matter  how  large  the 
azimuth  error  may  be.  Asa  result  of  this  variation  in  link  ser  tivity  to 
azimuth  axis  errors,  any  meaningful  assessment  of  tracking  performance 
must  be  made  on  a  beam-radial  rather  than  a  per  axis  basis. 

The  relationship  between  the  beam- radial  error  that  is  of 
importance  to  the  communications  link  and  the  error  in  the  individual  servo 
axes  is  as  follows: 

EBR  =Vebl2  +  <Eaz  =U2  d) 


whe  re 

Ebr  ia  the  beam  radial  error 
Eel  is  the  elevation  axis  error 
E^z  is  the  azimuth  axis  error 
EL  is  the  elevation  angle 

The  above  expression  was  derived  using  simple  trigonometric 
relationships.  Clearly,  at  high  elevation  angles  the  importance  of  an  aximuth 
axis  error  is  much  reduced  compared  with  its  importance  at  the  horizon, 

T1  :s  reduction  of  link  sensitivity  to  azimuth  error  at  high  elevation  angles 
compensates  to  some  degree  for  the  magnification  in  azimuth  axis  dynamics 
which  occurn  near  zenith.  A  relatively  crude,  but  useful,  indication  of  the 
extent  of  this  compensation  can  be  found  as  shown  immediately  below. 

Consider  an  idealized  servo  system  for  which  the  dynamic 
tracking  error  in  each  axis  is  directly  proportional  to  the  angular  accele¬ 
ration  of  the  target  satellite  as  seen  by  that  axis.  The  same  constant  of 
proportionality  is  hypothesized  for  each  axis,  and  this  constant  is  normaliz¬ 
ed  to  unity  for  simplicity.  (In  an  actual  servo,  the  angular  velocity  of  the 
target  and  the  successive  angular  derivatives  beyond  acceleration  will  also 
contribute  to  the  tracking  error.  However,  the  latter  are  negligible  and 
the  former  can  be  made  small  in  a  relatively  high  Ky,  Type  1  servo). 

Equation  1  can  then  be  modified  in  this  special  case  as  follows: 
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Pass  A:  h=5000  Pass  B:  h=5000  Pass  C:  h=5000  Pass  D:  h=19000 

Statute  Miles,  Statute  Miles,  Statute  Miles,  Statute  Mil-;8, 


Table  1.  Some  Numerical  Values  of  AZ-EL  Dynamics  Occurring  during  Passes  of  Medium-Altitude  and 
Near-Synchronous  Communication  Satellites. 


n  <  «# 

where  EL  and  AZ  are  angular  accelerations  in  elevation  and  azimuth 

*  •  *( 

respectively.  Values  of  A Z, EL,  and  EL  at  the  points  of  maximum  AZ 
for  passes  of  the  medium-altitude  satellite  reaching  seventy-nine  and 
eighty-nine  degrees  can  be  read  from  Table  1  and  substituted  into  this 
equation  to  find  the  beam-radial  following  error  in  those  two  cases.  The 
ratio  of  this  beam  radial  error  in  the  eighty-nine  degree  case  to  that  in 
the  seventy-nine  degree  case  is  11.3.  The  ratio  of  azimuth-axis  errors 
(azimuth  axis  angular  acceleration  for  this  idealized  servo)  in  the  two 
cases  is  127,  a  figure  that  is  an  order  of  magnitude  larger.  Although 
this  calculation  has  been  performed  at  a  single  point  in  the  pass  and  for 
an  idealized  servo,  the  result  that  it  demonstrates  is  generally  valid 
throughout  the  pass  and  for  any  actual  servo.  Failure  to  consider  the 
markedly  reduced  sensitivity  of  the  links  to  azimuth  axis  errors  near 
zenith  leads  to  an  overstatement  of  azimuth  servo  performance  require¬ 
ments  by  more  than  an  order  of  magnitude  at  elevation  angles  of  eighty 
nine  degrees  and  above,  and  by  significant  amounts  at  somewhat  lower 
elevation  angles.  Such  overstatement  leads  in  turn  to  the  design  of  servo 
systems  with  unnecessarily  wide  noise  bandwidth  -  causing  degradation 
in  tracking  performance  at  low  S/N  ratios  due  to  increased  tracking  jitter 
error. 


It  should  also  be  mentioned  at  this  point  that  generally,  if  not 
always,  the  error  signals  generated  at  the  antenna  terminals  are  basically 
beam- radial;  i.e.  ,  orthogonal  signals  are  generated  which  are  a  function 
of  the  beam  pointing  error.  Thus,  it  is  in  the  signal  processing,  and 
more  specifically,  in  any  coordinate  conversion  processes,  that  the  non¬ 
linear  error  signals  become  important. 

Error  expressions  due  to  noise,  amplitude  unbalance,  or 
phase  unbalance  for  example,  which  are  referred  to  the  antenna  beam  can, 
therefore,  be  used  directly  and  linearly  to  determine  system  performance. 
When  the  signals  have  been  transformed  to  Az-El  coordinates,  the  beam 
radial  effect  must  be  evaluated  with  the  use  of  equation  (1). 

The  zenith  pass  conditions  can  be  evaluated  for  the  worse  case 
orbit  of  6000  miles  by  noting  that  the  angular  velocity  is  approximately 
0.029  degrees  per  second.  One  method  for  maintaining  seme  communica¬ 
tions  during  zenith  or  near-zenith  passes  would  be  to  provide  a  programmed 
tracking  mode  which  would  slew  the  antenna  in  azimuth  ata  predetermined 
rate  when  the  elevation  angle  exceeded  a  prescribed  value  (approximately 
one  beamwidth  from  zenith).  The  important  characteristics  of  this  method 
are  that  a  maximum  error  of  0.4  beamwidth  results,  yielding  a  communi¬ 
cations  signal  loss  of  approximately  2  dB  maximum.  Another  important 
parameter,  in  erms  of  the  servo  system,  is  the  maximum  azimuth  slew 
rate  required,  4,  5  degrees  per  second.  A  tradeoff  can  be  made  between 
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the  pointing  error  and  slew  rate,  but  these  values  are  relatively  close  to 
optimum  for  the  present  case. 


A  more  serious  problem  exists  when  operation  with  a  60-foot 
antenna  is  considered.  Although  the  target  dynamics  are  unchanged,  the 
antenna  teamwidth  is  much  more  narrow.  Asa  result,  the  zenith  pass 
poses  a  more  difficult  situation.  For  example,  to  maintain  a  pointing 
error  corresponding  to  a  ?,  dB  loss  in  gain,  the  azimuth  rate  must  be  in¬ 
creased  by  a  factor  of  4,  resulting  in  approximately  18  degrees  per  second. 
Of  course,  several  tradeoffs  are  available,  including  a  much  greater 
signal  loss  or  a  complete  loss  of  signal  for  several  seconds.  A  rate  of 
4.  5  degrees  per  second,  as  required  in  the  previous  example,  woulc.  result 
in  a  signal  loss  for  less  than  40  seconds. 

The  important  points  to  note  concerning  azimuth  and  elevation 
rates  are  that  the  azimuth  dynamics  are  much  greater  than  the  elevation 
requirements.  Furthermore,  the  slewing  rate s  ne ce ssary  for  near -zenith 
passes  (and  also  for  acquisition)  are  much  greater  than  the  tracking  require¬ 
ments.  The  greatest  impact  on  the  servo  system  will  probably  result  from 
the  "dynamic  range"  requirements  --  the  ratio  of  the  maximum  azimuth 
rate  to  the  minimum  angular  step.  The  latter  is  of  grestest  significance 
when  considering  near- synchronous  orbits  and  is  a  measure  of  the  granu¬ 
larity  of  the  system.  Although  the  ratio  is  not  dimensionless,  it  serves 
as  a  useful  measure  of  the  system  requirements.  For  example,  a  granu¬ 
larity  of  0.  1  beamwidth  (about  0.06°)  and  an  angular  rate  of  4.  5°  per  second 
is  expressed  as  a  dynamic  range  requirement  of  75,  or  about  19  dB.  Addi¬ 
tional  servo  system  requirements  will  be  discussed  further  in  the  following 
section. 


c.  Servo  Bandwidth 

The  servo  bandwidth  requirements  and  limitations  cannot  be 
accurately  determined  within  the  scope  of  the  pre  sent  work.  However, 
estimates  based  on  similar  operational  conditions  will  serve  to  provide 
bounds  on  the  performance.  Fortunately,  the  precise  value  of  servo  band¬ 
width  is  not  required  to  evaluate  the  various  SCMTR  techniques.  An  order 
of  magnitude  estimate  is  necessary  to  simplify  the  SCMTR  analyses  and 
this  estimate  will  be  made  in  the  following  paragraphs. 

The  dynamic  requirements  and  structural  components,  in¬ 
cluding  the  dish  itself,  are  of  prime  importance  in  the  servo  design. 
Typical  parameters  which  must  be  known,  determined,  and/or  evaluated 
include : 
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(1)  Inertia  with  respect  to  the  azimuth  and  elevation  axis. 

(2)  Compliance  and  damping  factor  between  the  gear  box  and 
reflector. 

(3)  Friction  in  the  gear  box,  both  static  and  coulomb,  and 
backlash. 

(4)  Maximum  wind  load  torque. 

(5)  Maximum  and  minimum  angular  velocities. 

(6)  Maximum  angular  acceleration. 

(7)  Allowable  dynamic  lag  error. 

(8)  The  servo  gain  required  as  a  function  of  frequency,  which 
is  further  dependent  upon  the  type  cf  mount. 

(9)  Acquisition  requirements,  such  as  static  error  from  gear 
box  to  position  readout  and  required  scan  patterns. 

(10)  Input  signal  characteristics  including  antenna  beamwidth, 
SCMTR  gain,  AGC  characteristics,  SCMTR  peculiarities 
(such  as  scan  or  lobing  rates)  and  any  unusual  filtering 
re  quirements. 

(11)  Unusual  environmental  conditions,  power  limitations,  or 
other  applicable  system  specifications. 

It  is  apparent  that  a  detailed  evaluation  of  the  preceeding 
parameters  is  neither  desired  nor  necessary.  The  basic  SCMTR  design 
should,  if  at  all  possible,  be  independent  of  most  of  the  above  parameters. 
The  basic  tracking  requirements,  as  discussed  in  above  section,  indicate 
that  a  relatively  low  performance  servo  system  would  be  adequate.  The 
requirements  are  orders  of  magnitude  less  severe  than  for  tracking  radars 
with  conventional  aircraft  or  missiles  as  targets. 

The  requirements  of  "typical"  satellite  communications 
terminals  operating  with  similar  ground  rules  have  been  evaluated  at 
Radiation  Incorporated.  The  most  severe  requirements  are  satisfied  with 
servo  bandwidths  of  much  less  than  1  Hz.  Quite  often  it  is  desirable  to 
further  limit  the  bandwidth  to  reduce  tracking  jitter.  It  appears  conserva¬ 
tive  to  assume  that  a  maximum  bandwidth  of  0,  1  to  0.  2  Hz  would  be  more 
than  adequate  for  the  stipulated  conditions.  This  bandwidth  is  entirely 
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compatible  with  the  structural  resonances  which  can  be  achieved,  assum¬ 
ing  conventional  military  environmental  requirements.  The  bandwidth 
could  be  reduced  with  no  adverse  consequences  as  far"  as  the  servo  system 
itself  is  concerned.  Therefore,  a  nominal  0.  2  Hz  servo  bandwidth  will  be 
assumed,  with  a  reduction  by  an  order  of  magnitude  possibly  desired  in 
some  situations.  Considering  a  type  2  servo,  the  equivalent  two-sided 
noise  bandwidth  would  then  be  approximately  1  Hz  maximum.  It  is  relatively 
easy  to  obtain  a  selection  of  servo  bandwidths  on  a  single  terminal,  and  this 
eventuality  should  be  considered  as  applicable. 

d.  Communications  Bandwidths 

Characteristics  of  the  communications  channel  were  generally 
outlined  in  section  2.  The  most  important  signal  characteristics  were 
that  CW  and  angle  modulation  signals  were  being  considered,  with  a  maxi¬ 
mum  bandwidth  of  160  kHz  and  a  baseband  range  of  300  Hz  to  8  kHz.  Opera¬ 
tion  with  teletype  signals,  both  separately  and  multiplexed,  was  also 
assumed. 


The  widest  communications  bandwidth  need  be  only  160  kHz 
plus  an  amount  to  allow  for  frequency  uncertainties.  If  AFC  or  sweeping 
techniques  are  used,  it  is  possible  to  circumvent  the  adverse  effects  of 
Doppler  shift,  transmitter  drifts,  satellite  drifts,  and  local  oscillator 
drifts.  Expected  drifts  are  discussed  in  later  paragraphs,  and  the  net 
result  is  that  a  maximum  communications  bandwidth  of  200  kHz  should  be 
adequate.  In  the  event  larger  drifts  or  Doppler  shifts  occur,  some  form 
of  AFC  would  be  mandatory  to  avoid  serious  degradation  of  the  communica¬ 
tions  channel. 

The  minimum  communications  bandwidth  is  of  interest, 

particularly  its  relation  to  the  servo  bandwidth,  since  this  will  determine 

the  severity  of  the  tracking  noise  problem.  A  reasonable  minimum 

communications  capacity  would  be  a  single  100  word  per  minute  teletype 

_  ^ 

channel  with  an  error  rate  of  1  x  10  .  Possibly  a  truncated  voice  channel 

would  represent  an  operational  minimum,  but  the  teletype  w  1  be  assumed 
since  it  represents  a  worst  case. 

A  100  word  per  minute  teletype  channel,  with  a  bit  error  rate 
of  1  x  10  requires  a  minimum  theoretical  signal-to-noise  ratio  of  (2): 
a)  +8.4  dB  when  antipodal  (e.  g.  ,  bi-phase  modulation  of  the  prime  carrier) 
binary  signaling  is  used;  b)  +11.4  dB  when  binary  orthogonal  signaling 
is  used. 


A  degradation  of  1  to  2  dB  is  typical  of  practical  techniques. 
A  signal-to-noise  ratio  of  +13  dB  (minimum)  would  be  required  using 
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PCM/FM  (conventional  frequency- shift  keying,  for  example).  Equivalent 
noise  bandwidths  of  approximately  150  Hz  would  typically  be  obtained 
using  FSK  with  +  42.  5  Hz  shifts  on  a  subcarrier.  Under  these  conditions, 
then,  100  words  per  minute  and  1  x  10”^  bit  error  rate,  a  signal-to-noise 
ratio  of  +13  dB  in  a  150  Hz  bandwidth  is  required.  This  implies  an  input 
carrier  to  noise  density  (per  Hertz  of  bandwidth)  of 

iL  =  +13  +  10  lcg1Q  150  =  +35  dB  (3) 

n 

This  value  is  particularly  important  when  considered  with 
respect  to  the  tracking  channel  requirements.  Since  a  maximum  tracking 
noise  bandwidth  of  approximately  1  Hz  has  been  determined  appropriate, 
the  signal-to-noise  ratio  in  the  tracking  bandwidth  would  be  +35  dB  under 
minimum  communications  conditions,  (and  assuming  equivalent  noise 
temperatures  in  the  communications  and  tracking  receivers).  This  re¬ 
latively  high  value  of  potential  tracking  channel  sensitivity  can  be  utilized 
to  simplify  the  SCMTR  design.  For  example,  a  high  effective  noise  figure 
in  the  tracking  receiver  would  not  seriously  degrade  the  tracking  perfor¬ 
mance.  Quantitative  results  will  be  obtained  for  each  SCMTR  using  the 
above  signal  levels.  More  detailed  results  cannot  be  stated  at  this  point, 
since  the  tracking  error  due  to  noise  is  highly  dependent  on  the  particular 
SCMTR  design. 

e.  Signal  Characteristics 

Several  basic  signal  characteristics  other  than  those  pre¬ 
viously  determined  can  affect  the  SCMTR  configuration.  The  basic 
modulation  (angle  modulation  )techniques  and  minimum  signal  levels  have 
been  discussed  in  preceeding  sections.  Other  pertinent  signal  character¬ 
istics,  including  dynamic  range,  Doppler  shifts,  and  extraneous  modula¬ 
tions  will  be  discussed  in  the  following  paragraphs. 

Satellite  induced  modulations  are  expected  to  be  relatively 
small,  considering  the  present  state-of-the-art.  However,  some  modula¬ 
tion  due  to  satellite  motion  is  possible.  For  example,  an  "earth  coverage" 
antenna  mounted  on  a  precessing  vehicle  could  cause  an  AM  and/or  FM 
component  on  the  received  signal.  Similar  effects  could  be  caused  by 
atmospheric  perturbations  (e.  g.  ,  cloud  motion)  and  incidental  AM  or  FM 
in  th~  satellite  translator  or  ground  transmitter.  The  expected  signal 
variations  would  be  very  small  and  should  not  significantly  affect  the 
SCMTR  design.  In  the  unlikely  event  that  a  signal  variation  occurred  at 
a  rate  which  would  interfere  with  the  receiver  (e.g.  ,  an  AM  component 
at  the  scan  frequency  in  a  pseudo-monopulse  system),  the  receiver  design 
could  be  slightly  altered  to  avoid  the  interference. 
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Additional  signal  modulations  will  be  present,  such  as  residual 
FM,  (short-term  oscillator  instabilities),  incidental  AM,  and  possibly 
variations  due  to  multipath.  All  of  these  effects  are  expected  to  be  insig¬ 
nificant  as  far  as  the  SCMTR  design  is  concerned.  In  general,  the  u^desired 
modulations  will  be  far  more  detrimental  to  the  communications  channel 
than  to  the  tracking  channel. 

The  input  signal  levels  can  be  considerably  greater  than  the 
minimum  channel  capacity  signal  evaluated  in  section  3.4  For  example, 
input  signals  which  would  produce  a  predetection  signal-to-noise  ratio  of 
20  dB  or  more  in  the  widest  signal  bandwidth  are  very  likely.  The  resul¬ 
tant  carrier  to  noise  density  would  be 

^  =  +20  +  10  log 2 q  2  x  10“*  =  +73  dB 

n 

This  is  an  increase  of  38  dB  over  the  minimum  C/n  previously  calculated. 
This  value  is  also  compatable  with  anticipated  satellite  communications 
links.  Thus,  a  40  dB  range  of  communications  signal  levels  is  likely,  and 
the  tracking  channel  dynamic  range  requirements  are  therefore  at  least 
40  dB.  Even  greater  variations  are  probable  when  the  satellite  type  is 
changed;  i.e.,  ERP,  range,  basic  capabilities  are  varied. 

The  signal  losses  due  to  rain,  as  discussed  in  an  earlier 
section,  can  result  in  a  significant  change  in  signal  strength.  The  path 
losses  and  local  area  losses  (due  to  reflection  and  local  obstructions)  can 
also  cause  signal  variations.  The  total  dynamic  range  should  not  greatly 
exceed  the  postulated  values,  however.  Lower  level  signals  would  result 
in  loss  of.  communications  and  very  much  higher  level  signals  would  re¬ 
present  an  unforeseen  satellite  capability  and  a  significant  waste  of  com¬ 
munications  capability  (it  could  be  better  utilized  by  serving  more  terminals, 
for  example).  Thus,  a  dynamic  range  specification  of  about  50  dB  would  be 
a  conservative  value,  and  it  should  not  unduly  restrict  the  SCMTR  design. 

Doppler  shifts  on  the  incoming  signal  are  greatest  for  the 
lowest  altitude  satellites.  The  major  impact  of  Doppler  on  the  SCMTR 
design  is  in  the  acquisition  mode.  This  is  due  to  the  extremely  slow  rate 
of  change  of  frequency.  Thus,  the  initial  signal  frequency  uncertainty  may 
be  large,  but  it  will  not  change  rapidly  and  can  easily  be  tracked  with  a 
slow  AFC  system.  The  maximum  expected  Doppler  shift  for  a  6000  mile 
orbit  is  approximately  _+  100  kHz  on  an  8  GHz  signal.  When  near- synchro¬ 
nous  and  synchronous  orbits  are  considered,  the  Doppler  shift  is  essen¬ 
tially  ze  ro. 


f.  Acquisition  Parameters 

The  exact  acquisition  problem  depends  upon  a  number  of 
variables,  both  in  satellite  characteristics  and  ground  terminal  character¬ 
istics.  The  general  problem  is  one  of  locating  a  signal  which  has  an  initial 
uncertainty  in  both  position  and  frequency.  Thus,  a  two-dimensional  search 
is  necessary  to  find  the  satellite. 

The  frequency  uncertainty  is  due  to  transmitter  frequency  drifts 
(beacOD  signal  drifts),  receiver  frequency  uncertainties  (local  oscillator 
drifts),  and  Doppler  shifts.  The  frequency  drifts  in  transmitter  and  receiver 
are  relatively  small,  ranging  from  1  part  in  10^  to  1  part  in  10^  typically, 
which  corresponds  to  8  kHz  >.o  80  Hz  with  an  8  GHz  signal.  Doppler  shifts 
can  be  greater  than  100  kHz,  in  general.  Therefore,  if  no  other  informa¬ 
tion  is  available,  a  frequency  uncertainty  in  the  range  of  the  Doppler  shift 
is  present.  Alternately,  a  relatively  inaccurate  "guess"  based  on  ephemeris 
information  would  reduce  the  Doppler  uncertainty  by  an  order  of  magnitude. 
Note  =  f  this  ephemeris  data  is  necessary  to  place  reasonable  bounds  on  t 
the  space  uncertainty.  Two  "worst  case"  values  are  therefore  suggested 
for  the  frequency  uncertainty: 

A  frequency  range  of  less  than  +_  150  kHz  would  be 

required  under  the  most  adverse  conditions. 

A  frequency  range  of  +  15  kHz  would  be  required 

under  normal  conditions. 

The  spacial  uncertainty  is  due  to  three  major  factors;  ephemeris 
inaccuracies,  unknown  locality,  and  unknown  local  orientation.  The  first 
factor  is  due  to  measurements  on  the  satellite  and,  except  for  the  first  few 
orbits,  contributes  very  little  to  the  overall  problem.  The  second  factor, 
lack  of  precise  knowledge  of  the  terminal  location  can  be  significant, 
particularly  in  initial  acquisition  (the  first  operation  in  a  given  location). 

The  third  factor  is  probably  most  significant  in  transportable  terminals, 
since  an  inaccurate  knowledge  of  direction  (true  North)  and  local  vertical 
are  directly  added  to  the  other  uncertainties.  A  detailed  analysis  of  this 
problem  has  been  accomplished  for  a  terminal  with  capabilities  similar  to 
those  in  the  present  case  (assuming  antenna  size,  frequency  stability, 
communications  capability,  and  mobility  can  be  used  to  equate  terminal 
complexity).  The  results  of  this  analysis  are  simply  that,  for  the  lowest 
altitude  satellites,  a  maximum  spacial  uncertainty  of  2  degrees  in  each 
direction  is  probable.  A  total  sweep  of  -!•  3  degrees  in  each  direction  would 
be  a  conservative  value,  and  should  not  impose  unduly  harsh  requirements 
on  the  antenna  drive  system  of  servo  system. 
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These  changes  are  relatively  long  term  variations  (occurring  at  intervals 
ranging  from  minutes  to  hours)  and  will  not  be  of  great  importance  to  the 
SCMTR.  These  changes  are  not  vastly  different  from  the  variations  in 
signal  level  due  to  range;  i.e.  ,  changes  in  free  space  attenuation.  Spin 
axis  ripple,  on  the  other  hand,  can  occur  at  rates  in  the  order  of  a  cycle 
per  second  and  with  a  magnitude  in  the  order  of  0.  5  to  1.0  dB.  This 
variation  must  be  considered  in  some  SCMTR  designs. 

The  most  severe  potential  signal  variation  is  that  due  to  rain, 
particularly  at  low  elevation  angles.  At  frequencies  above  a  few  GHz  the 
atmospheric  attenuation  increases  rapidly  with  frequency.  This  effect  is 
shown  in  Figure  1,  which  is  a  graph  of  atmospheric  attenuation  versus 
frequency  for  four  conditions  of  rain.  Expected  path  lengths  through  rain, 
as  a  function  of  satellite  election  angle  and  for  several  freezing  altitudes 
are  shown  in  Figure  2.  A  conclusion  which  can  be  drawn  from  these  curves 
is  that  large  losses  can  be  expected  due  to  rain  when  low  elevation  angles 
are  used.  The  impact  of  this  on  the  SCMTR  design  is  simply  that  a  communi¬ 
cations  bandwidth  reduction  is  probable  under  these  conditions,  so  a  worst 
case  analysis  based  on  minimum  communications  bandwidths  should  be  made. 
The  rate  of  change  of  attenuation  due  to  rain  is,  in  general,  relatively  low, 
so  the  principal  effect  i„  long  term  and  is  reflected  in  the  channel  capacity. 

b.  Tracking  Dynamics 

The  SCMTR  is  required  to  operate  with  satellites  in  orbits 
ranging  from  6000  nautical  miles,  to  near- synchronous,  to  synchronous. 

Since  a  large  amount  of  data^)  is  available  for  5000  mile  orbits,  a  separate 
calculation  for  6000  mile  orbits  was  not  deemed  necessary.  The  5000  mile 
orbit  has  slightly  greater  dynamic  requirements  than  the  6000  mile  orbit, 
so  it  can  be  used  in  a  worst  case  desiga.  Of  perhaps  greater  significance 
is  the  fact  that  these  dynamic  requirements  are  not  limiting  parameters  in 
the  SCMTR  design.  There  are  two  reasons  for  this;  first,  the  acquisition 
mode  generally  imposes  greater  dynamic  requirements  since  a  spacial 
search  must  be  made  to  locate  the  satellite  in  a  reasonable  length  of  time; 
secondly,  the  zenith  pass  represents  a  worst  case  problem  and  this  is 
considered  separately. 

Target  dynamics  for  low  orbits  are  plotted  in  detail  in  reference 
(1).  Selected  values  from  these  curves  are  tabulated  in  Table  1.  Also 
listed  in  this  table  are  the  dynamics  for  a  19,000  mile  orbit,  which  is 
representative  of  a  '  near-synchronous"  satellite.  The  ideal  synchronous 
orbit  imposes  no  dynamic  requirements,  and  a  practical  "synchronous" 
orbit  exhibits  very  low  dynamics  compared  to  the  "near -synchronous"  case. 
Asa  result,  the  5000  mile  parameters  will  be  used  as  worst  case  conditions 
to  determine  the  SCMTR  requirements. 
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The  variable  which  has  not  yet  been  discussed  is  the  time 
allow-d  for  acquisition.  Time  is  a  parameter  which  varies  with  the 
tactical  usage  A  the  equipment  and  is  particularly  important  in  handover, 
and  this  is  most  significant  when  lower  altitude  satellites  are  being  used. 
Acquisition  times  of  a  few  minutes,  for  the  worst  case  frequency  and 
spacial  uncertainties  are  not  unreasonable.  If  an  extremely  fast  acquisi¬ 
tion  time  is  needed,  it  could  impose  additional  requirements  on  the 
SCMTR. 


It  is  also  enlightening  to  view  the  acquisition  problem  from 
a  different  point.  Consider  first  the  dynamics  required  of  the  tracking 
system  simply  to  follow  the  satellite  after  acquisition.  It  is  apparent 
that  the  dynamics  required  tc  acquire  the  satellite  are  no  less  than,  and 
are  in  fact  greater  than,  the  tracking  dynamics.  Thus,  the  acquisition 
mode  imposes  the  most  severe  dynamic  requirements.  For  this  reason, 
mode  switching  may  be  required.  For  example,  a  wide  band  condition  may 
be  needed  for  acquisition,  and  would  result  in  a  relatively  large  tracking 
error  due  to  noise.  However,  once  acquisition  was  accomplished,  a 
narrower  bandwidth  could  be  used  to  reduce  the  noise  errors. 

g.  Additional  Performance  Requirements 

One  performance  requirement  imposed  directly  by  the  Statement 
of  Work,  Exhibit  "A"  of  PR  C-6-2059,  is  that  the  SCMTR  shall  not  degrade 
the  predetection  signal-to-noise  (S/N)  ratio  more  than  2  dB,  with  a  design 
goal  of  1  aB,  In  order  that  the  communications  channel  be  affected  only 
slightly  by  the  SCMTR,  every'  effort  should  be  made  to  meet  the  1  dB  design 
goal.  It  is  worth  noting,  at  this  time,  that  the  c  her  SCMTR  specifications 
discussed  in  this  section  are  compatible  with  this  requirement,  and  that 
the  predetection  S/N  degradation  is  the  single,  most  important  measure 
of  SCMTR  performance. 

Another  performance  characteristic  which  is  important  to  the 
tracking  is  crosstalk.  Crosstalk  in  this  sense  relers  to  elevation  tracking 
errors  which  would  cause  signals  to  appear  in  the  azimuth  error  channel 
and  vice-versa.  A  further  characteristic  which  should  be  evaluated  is  the 
bias  error  problem;  i.e.  ,  amplitude  or  phase  unbalance  in  the  system  which 
would  result  in  a  constant  bore  sight  error. 

The  crosstalk  3nd  bias  error  problem  can  be  evaluated  for  the 
cases  of  ''amplitude "  monopulse  and  "phase"  monopulse,  since  one  of  these 
two  antenna  techniques  is  typically  used  to  obtain  tracking  information,,  A 
detailed  analysis  is  not  generally  possible  without  further  specifying  the 
method  for  combining  the  various  feed  signals  to  obtain  the  sum  and 
difference  signals.  However,  some  general  characteristics  can  be  found. 


These  characteristics  are  derived  in  Section  VH,  A  summary  of  the 
general  factors  which  are  pertinent  to  this  program  follows: 

The  microwave -antenna  system  is  assumed  to  consist  of  a 
number  of  feeds,  or  elementary  elements.  The  outputs  from  these  feeds 
enter  a  device  called  a  comparator.  The  output  of  the  comparator  consists 
of  three  separate  signals;  the  sum  channel,  elevation  error  channel,  and 
azimuth  error  channel.  It  should  be  noted  that  the  azimuth  error  channel 
represents  a  beam  radial  component  and  is  actually  an  error  channel 
orthogonal  to  the  elevation  er  ror  channel,  not  the  azimuth  axis  mount 
error.  Ideally,  the  sum  channel  is  maximum  and  the  difference  channels 
are  zero  when  the  antenna  is  pointed  at  the  satellite.  In  practice,  however, 
pointing  errors  occur  as  a  result  of  pre -comparator  errors;  i.e. ,  ampli¬ 
tude  and  phase  unbalances  prior  to  the  output  of  the  comparator.  The  nature 
of  these  errors  are  that  amplitude  unbalances  cause  bore  sight  shifts  in  an 
amplitude  monopulse  system  and  phase  unbalances  cause  boresight  errors 
in  a  phase  sensing  monopulse  feed  (the  errors  being  described  with  respect 
to  the  feed  terminals).  "Opposite"  errors  (i.e.,  phase  errcis  in  an 
amplitude  monopulse)  result  in  imperfect  nulls  on  boresight.  Thus,  a  oal 
appears  in  the  error  channel(s)  at  boresight,  but  it  represents  a  minimum; 
i.e.  ,  moving  the  antenna  in  any  direction  would  increase  the  error  signal. 
This  boresight  signal,  with  respect  to  the  sum  channel  signal  at  boresight, 
is  often  referred  to  as  the  null  depth  of  the  system.  A  specification  on  the 
null  depth  would  therefore  place  specific  requirements  on  the  "opposit-" 
unbalances. 


It  has  been  assumed  for  this  program  that  boresight  errors 
must  be  controlled  such  that  the  pointing  error  would  cause  a  relatively 
small  sum  channel  loss;  i.e.  ,  any  boresight  losses  must  be  included  in 
the  overall  sum  channel  degradation  specification.  An  important  pant, 
however,  is  that  most,  if  not  all,  of  the  SCMTR  techniques  being  evaluated 
utilize  the  same  feeds  and  comparators  as  a  full  monopulse  system.  There¬ 
fore,  pre -comparator  errors  will,  for  the  most  part,  cause  identical 
degradation  in  all  SCMTR  methods  and  in  full  monopulse.  Techniques  which 
do  not  conform  to  this  general  statement  should  be  analyzed  to  assure  that 
realistic  pre -comparator  errors  do  not  cause  significant  performance  degra¬ 
dation. 


Post -comparator  errors  will,  in  most  cases,  result  in  cross¬ 
talk  in  SCMTR's  and  cause  a  loss  in  gain  in  nearly  all  systems.  The  gain 
loss  phenomonon  is  usually  found  in  the  correlation  detector  (in  the  case  of 
phase  unbalance)  or  as  a  direct  gain  change  (in  the  case  of  amplitude 
unbalance).  The  major  impact  of  this  change  in  gain  is  to  place  more 
stringent  gain  margin  requirements  on  the  servo  system.  Thus,  relatively 
large  post-comparator  variations  can  usually  be  tolerated  without  significant 
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system  degradation  when  the  pre -comparator  errors  are  small.  The  com¬ 
bination  of  pre-  and  post- comparator  errors  will  result  in  crosstalk.  A 
small  amount  of  crosstalk  will  cause  the  antenna  to  "spiral"  towards  a 
target  rather  than  be  moved  in  the  trite  direction  of  pointing  error.  Of 
course,  when  the  crosstalk  becomes  very  large,  the  antenna  inward  spiral 
becomes  a  circle  and  finally  an  outward  spiral,  so  a  reasonable  limit  must 
be  imposed  on  crosstalk.  The  impact  of  post- comparator  errors  has  been 
analyzed  for  the  various  SCMTR  techniques  as  appropriate. 

h.  SCMTR  Requirements  -  Summary 

The  most  important  SCMTR  system  design  requirements  are 
tabulated  in  Table  ?. 

TABLE  2 

System  Design  Criteria  Summary 

Antenna:  15 -foot  diameter;  0.  58°  beamwidth. 

Mount:  Elevation-over-azimuth. 

Tracking  Dynamics:  See  Table  1. 

Servo  Noise  Bandwidth:  1  Hz  maximum;  0.  1  Hz  minimum. 

Acquisition:  Frequency  Uncertainty:  +  150  kHz  worst 

case. 

_+  15  kHz  typical. 

Spacial  Uncertainty:  +  3°  typical. 

Frequency:  8  GHz  nominal. 

_+  1  pa  rt  in  10®  accuracy  and  stability. 

Modulation:  CW  or  FM 

RF  Bandwidth:  160  kHz  maximum. 

150  Hz  minimum 

Receiver  Signal  Level:  C/n  of  +35  dB  to  +85  HB. 


Sum  Channel  Degradation: 


2  dB  maximum. 

1  dB  de  sign  goal. 


4. 


BASIC  SCOPE  OF  WORK 


The  purpose  of  this  paragraph  is  to  describe  the  overall  scope  of 
the  study  program.  This  scope  resulted  from  both  the  requirements  of 
the  Statement  of  Work,  PR  C- 6-2059  and  the  requirements  discussed  above. 
The  basic  purpose  of  this  program  has  been  to  develope  a  design  for  a 
Single  Channel  Monopulse  Tracking  Receiver  (SCMTR). 

The  SCMTR  must  process  signals  received  by  an  antenna  to  provide 
azimuth  and  elevation  error  signals  for  use  in  the  antenna  servo  system 
and  must  demodulate  an  angle  modulated  signal  to  obtain  the  baseband 
information.  The  SCMTR  consists  of  the  necessary  receive  feeds,  the 
comparator  which  forms  sum  and  difference  channels,  one  or  more  lo.v- 
noise  preamplifiers,  mixers,  amplifiers,  a  single  IF  amplifier,  detectors 
necessary  to  obtain  the  azimuth  and  elevation  error  tignals,  and  demodula¬ 
tors  necessary  to  obtain  the  baseband  information. 

The  objectives  of  this  program  are  to  reduce  the  complexity  of  con¬ 
ventional  monopulse  tracking  systems  while  pre serving  their  angular 
tracking  accuracy  and  to  incorporate  the  communications  demodulators 
into  the  SCMTR  without  degrading  the  pre -detection  S/N  more  than  1  dB 
(design  goal).  In  order  to  best  obtain  the  objectives  of  this  program,  some 
aspects  of  the  problem  must  be  emphasized  while  others  are  given  only 
cursory  examination.  Following  paragraphs  will  discuss  the  factors  which 
have  been  emphasized  in  this  study. 

Techniques  which  can  minimis  the  feed-comparator-microwave 
circuit  components  have  been  investigated,  but  Ihcd  design  per  se  was  not 
emphasized.  Ample  work  has  been  done  in  this  area,  ?_s  evidenced  in  the 
literature  search.  Furthermore,  the  feed  and  comparator  components  are 
usually  common  to  the  different  SCMTRs.  An  analysis  of  monopulse  antenna 
characteristics  is  found  in  Section  VI. 

The  pre -amplifier,  mixer,  and  IF  amplifier  areas  have  been  of  prime 
importance  in  this  program.  It  is  here  that  the  major  system  complexity  , 
tradeoffs  have  been  made.  For  example,  use  of  multiple,  complex  pre¬ 
amplifier  systems  will  result  in  improved  performance,  but  a  significant 
reduction  in  complexity  is  possible  with  (potentially)  a  small  performance 
degradation.  In  some  SCMTR  techniques  unduly  harsh  requirements  may 
be  placed  on  mixer  and  amplifiers.  Thus,  particular  emphasis  was  placed 
on  these  elements  when  the  various  SCMTRs  were  evaluated. 

Detector  characteristics  can  be  significant,  particularly  when  thre  s- 
hold  performance  is  being  considered.  Thus,  any  peculiar  detector  re¬ 
quirements  imposed  by  a  particular  SCMTR  have  been  evaluated.  Detector 
parameters  are  most  important  when  evaluating  the  tracking  errors  due  to 
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noise,  but,  as  shown  earlier,  the  tracking  noise  bandwidth  is  much  less 
than  the  communications  bandwidth.  Therefore,  detector  performance  is 
important  in  only  a  few  SCMTR  techniques. 

Although  the  servo  system  design  is  not  within  the  present  scope  of 
work,  servo  design  parameters  have  been  considered  as  they  interact  with 
the  SCMTR.  This  effect  was  evidenced  by  requirements  on  signal  process¬ 
ing  which  might  affect  the  servo  system  (e.  g.  ,  AGC  requirements  can  affect 
servo  gain  and  bandwidth).  Limitations  imposed  by  azimuth  and  elevation 
drive  systems  were  considered  as  they  affected  SCMTR  concepts. 

An  additional  case  which  was  considered  was  the  acquisition  problem. 

As  discussed  earlier,  acquisition  of  the  satellite  imposes  requirements 
more  stringent  than  tracking  dynamics.  The  situation  is  most  acute  when 
larger  antennas  are  used.  Specifically,  the  feasibility  of  extending  the 
SCMTR  techniques  to  tracking  antennas  as  large  as  60-feet  in  diameter 
was  considered. 

A  requirement  imposed  by  the  Statement  of  Work  was  that  two  SCMTR 
approaches  be  considered:  1)  a  SCMTR  which  incorporated  communication 
signal  demodulation  in  addition  to  forming  the  error  signals  and  2)  a 
SCMTR  which  only  forms  the  error  signals.  Since  it  became  apparent  that 
a  SCMTR  technique  which  combines  the  communications  and  tracking  signals 
was  feasible,  the  latter  approach  was  not  considered. 

Several  specific  analyses  were  performed  to  aid  in  the  design  and 
evaluation  of  the  SCMTRs.  Parameters  which  were  evaluated  for  each 
SCMTR  technique  include  the  following: 

a.  Equipment  complexity  -  a  vital  parameter  which  includes  not 
only  the  size,  weight,  and  other  physical  characteristics  but  also  the 
difficulty  of  alignment  and  the  ability  to  maintain  calibration. 

b.  Cost  -  the  economics  may  be  a  significant  measure  of  the  value 
of  a  technique:  design  and  alignment  costs  are  considered  as  well  as 
component  costs. 

c.  Angular  tracking  accuracy  -  tracking  accuracy  is  an  important 
parameter,  but  tracking  accuracy  beyond  that  necessary  to  maintain  sum 
channel  gain  does  not  improve  the  overall  terminal  capability. 

d.  Sum  Channel  Degradation  -  the  most  important  single  performance 
parameter;  it  incorporates  the  effects  of  all  aspects  of  the  problem  into  a 
single  factor  --  how  well  can  the  basic  communications  channel  function. 
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e. 


Carrier  to  noise  density  requirements  -  an  evaluation  of  the 
minimum  C/n  necessary  to  track  the  satellite. 

f.  Dynamic  Range  -  any  peculiar  dynamic  range  requirements  due 
to  the  different  multiplexing  techniques. 

g.  Bandwidth  Requirements  -  significant  bandwidth  requirements 
peculiar  *c  the  various  SCMTR  techniques. 

h.  Pre-  and  Post-comparator  requirements  -  the  amplitude  and 
phase  linearity  necessary  to  avoid  bore  sight  errors  and  crosstalk. 

The  above  list  is  not  exhaustive,  and  other  pertinent  parameters  were 
evaluated  as  well  (see  Section  III). 

The  basic  philosophy  which  was  adopted  in  evaluating  the  various 
techniques  was  one  of  comparison;  i.e.  ,  relative  merits  rather  than 
absolute  values  were  used  in  the  evaluation.  In  particular,  the  SCMTR 
techniques  were  compared  with  each  other  and  with  a  conventional,  three- 
channel  monopulse  receiver  system.  In  most  respects  the  three -channel 
receiver  offe  s  the  ultimate  in  performance,  whereas  the  SCMTRs  were 
typically  less  complex.  The  basic  tradeoff,  then,  was  performance  versus 
equipment  complexity.  In  this  sense,  an  optimum  tradeoff  occurs  when 
the  performance  is  compromised  by  a  negligibly  small  amount  and  the  hard¬ 
ware  requirements  are  greatly  reduced.  A  tabulation  of  the  characteristics 
of  each  SCMTR,  as  well  as  full  monopulse  receivers  is  found  in  Section  III. 

5.  SCMTR  TECHNIQUES 

This  section  will  describe  briefly  specific  SCMTR  techniques,  which 
have  been  analyzed.  These  techniques  were  coarsely  evaluated  to  determine 
their  potential  usefulness.  Techniques  which  appeared  most  promising 
were  then  evaluated  in  detail.  Finally,  the  most  promising  methods  were 
designed  in  detail  (see  Section  IV  and  V). 

a.  Full  Monopulse 

Three  channel  monopulse  receivers  were  studied  for  two 
important  reasons.  First,  the  performance  characteristics  of  full  mono¬ 
pulse  was  used  as  a  baseline  in  evaluating  all  SCMTRs.  Secondly,  the 
basic  analysis  (of  full  monopulse)  was  directly  applicable  to  several  SCMTR 
techniques.  Therefore,  full  monopulse  receiver  evaluation  was  a  necessary 
part  of  the  overall  program. 
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b.  Frequency  Division  Multiplexing 

Frequency  Division  Multiplexing  (FDM)  is  a  basis  for  a  family 
of  SCMTRs.  In  addition  to  the  basic  FDM  analysis,  an  important  modifica¬ 
tion  was  evaluated,  the  SCAMP  technique^.  SCAMP  is  an  FDM  system 
which  utilizes  hard  limiting  to  achieve  normalization  with  respect  to  the 
received  signal  strength. 

c.  Time  Division  Multiplexing 

Time  division  multiplexing  (TDM)  is  another  basic  technique 
which  was  investigated.  Pure  TDM  was  analyzed  for  high  sampling  rates 
with  respect  to  the  communications  bandwidth.  A  detailed  analysis  of 
slow  TDM  was  not  deemed  worthwhile,  since  the  technique  has  a  serious 
shortcoming;  when  a  sampling  rate  slower  than  twice  the  basic  information 
bandwidth  is  used,  an  irrecoverable  loss  of  information  occurs.  This  loss 
cannot  be  measured  meaningfully  in  terms  of  dB  of  degradation,  but  must 
rather  be  described  in  terms  of  down  time.  Since  such  a  shor  tcoming  is 
generally  undesirable,  and  certainly  intolerable  in  tactical  situations,  the 
technique  was  not  investigated  further. 

d.  Hybrid  Techniques 

Methods  which  cannot  be  classified  as  either  FDM  or  TDM  were 
arbitrarily  called  hybrid  techniques.  It  is  in  this  general  area  that  the  most 
potentially  useful  techniques  were  found.  At  least  three  basic  hybrid  tech¬ 
niques  appeared  promising  and  were  investigated  in  some  detail.  The  first 
of  these,  called  pseudo-monopulse,  is  a  technique  for  adding  a  small  portion 
of  the  error  signals  to  the  sum  signal.  Different  types  of  pseudo-monopulse 
were  investigated,  including  both  square  wave  and  sine  wave  modulation 
(or  sampling)  methods.  The  basic  technique  called  lobing  was  investigated. 
Both  sequential  lobing  and  conical  scan  have  been  examined,  and  the  tech¬ 
niques  are  electrically  identical  to  pseudo-monopulse.  Finally,  the  Auto¬ 
matic  Manual  Simulator  (AMS)  was  examined.  The  AMS  is  similar,  in 
concept,  to  an  extremely  slow  lobing  system,  with  the  exception  that  the 
entire  antenna  is  moved  rather  than  just  the  feed.  Again,  the  signal  charac¬ 
teristics  are  identical  with  pseudo-monopulse. 
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SECTION  ILT 


SCMTR  EVALUATION 

1.  INTRODUCTION 

The  relative  evaluation  of  Single  Channel  Monopulse  Tracking 
Receivers  (SCMTR)  analyzed  during  the  program  is  accomplished  in 
this  Section.  The  evaluation  necessarily  involves  tradeoffs  in  per¬ 
formance  versus  complexity,  and  is  made  on  a  relative  basis  rather 
than  an  absolute  one.  The  basic  technique  used  in  the  evaluation  consists 
of  assigning  weights  to  each  of  eleven  different  factors,  and  then  grading 
each  system  relatively,  for  each  factoi.  The  three  channel  full  mono¬ 
pulse  approach  is  included  for  comparison  purposes  only.  The  overall 
system  characteristics  of  importance  to  this  evaluation  were  described 
in  Section  II. 

The  various  SCMTR  techniques,  as  well  as  Full  Monopulse,  are 
briefly  described  in  the  next  paragraphs.  The  descriptions  are  followed 
by  an  explanation  of  the  weighting  factors  used  in  the  evaluation.  This 
is  followed  by  the  evaluation  itself,  with  an  explanation  of  the  factors 
and  the  relative  grades.  Finally,  the  results  of  the  evaluation  are 
summarized. 

2.  SCMTR  TECHNIQUES 

a.  AMS  (Automatic  Manual  Simulator) 

A  basic  block  diagram  illustrating  the  AMS  technique  is 
shown  in  Figure  3.  The  technique  is  essentially  a  conical  scan  or  lobing 
type  system  with  the  scanning  accomplished  by  mechanically  rotating  the 
entire  antenna.  The  rotation  is  accomplished  by  driving  the  antenna  drive 
and  servo  system  from  a  low  frequency  generator. 

The  system  requires  cnly  a  single  feed  (not  a  monopulse  feed) 
which  drives  a  receiver  utilizing  either  a  manual  gain  control  or  an 
extremely  slow  AGC.  The  receiver  output  is  detected  in  an  envelope 
detector.  This  detected  signal  is  then  compared  with  the  two  orthogonal 
generator  signals.  This  comparison,  done  in  a  phase -sensitive  detector 
circuit,  provides  the  two  error  signals  to  drive  the  servo. 
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ANTENNA 


Figure  3.  AMS  System  Block  Diagram 


b.  Lobing  or  PM  (Pseudo -Monopulse) 

A  block  diagram  of  the  Pseudo -Monopulse  technique  is  shown 
in  Figure  4.  Conical  scan  and  sequential  lobing  are  very  similar  in 
principle  and  will  be  included  in  this  discussioh.  The  input  from  each  of 
four  feeds  is  used  in  the  comparator  to  form  the  sum  X  ,  and  two  difference 
signals  A^z  and  A  The  difference,  or  error  signals,  are  combined 

in  the  scanner  at  a  relatively  low  rate  (less  than  100  Hz),  and  added  in- 
phase  to  the  sum  signal  in  the  coupler  to  form  an  AM  output  signal.  The 
signals  may  also  be  added  in  quadrature  (phase  modulation)  when  the  basic 
communications  information  on  the  RF  carrier  is  a  few  hundred  Hz  minimum 
(lower  rates  would  cause  crosstalk  with  the  scanning  signal). 

The  AM  signal  is  processed  through  a  single  channel  down 
to  some  IF,  where  the  signal  is  divided  and  supplied  to  the  error  detectors 
and  the  data  demodulator.  By  proper  choice  of  the  switching,  or  Q  functions, 
the  output  of  the  detectors  after  low  pass  filtering  is  the  desired  normalized 
DC  voltage  containing  both  magnitude  and  phase  information.  Conical  scan 
forms  the  AM  signal  by  physically  rotating  the  single  feed,  or  electronically 
scanning  the  single  beam,  Asa  result,  the  comparator  and  coupler  are 
replaced  with  the  beam  scanning  circuitry,  and  the  remaining  circuitry  is 
identical  to  PM. 

c.  FM  (Full  Monopulse) 

Figure  5  shows  the  basic  block  diagram  of  the  Full  Monopulse 
technique.  Three  complete  receivers  or  channels  are  used,  and  the 
normalization  is  accomplished  using  an  AGC  voltage  derived  from  the  X 
channel  and  applied  to  all  three  channels.  This  technique  requires  that  each 
channel  be  matched  in  phase  and  amplitude  over  its  entire  dynamic  range. 

RF  amplifiers  are  shown  in  the  error  channels  but  are  not.  always  necessary. 
The  X  channel  output  is  used  as  a  phase  reference  in  the  error  detectors. 

The  detector  outputs  are  proportional  to  the  error  signal  amplitudes  for 
small  errors  and  preserve  the  sign  information. 

d.  TDM  (Time  Division  Multiplex) 

Shown  in  Figure  6  is  a.  block  diagram  of  the  basic  TDM,  Time 
Division  Multiplex  technique.  The  system  is  identical  to  Full  Monopulse 
down  to  the  first  IF.  At  this  point,  narrow  filters  are  used  to  band  limit 
the  signal  before  sampling.  This  prevents  degradation  due  to  high  frequency 
noise  or  extraneous  signals  present  in  the  IF.  The  required  switching  rate 
is  at  least  2  W,  where  W  is  the  highest  frequency  component  in  the  signal. 
This  switching  rate  will  require  an  IF  bandwidth  at  Teast  6  W,  in  order  that 
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Monopulse  Block  Diagram 


Figure  6  Time  Division  Multiplex  Block  Diagram 


the  output  of  the  IF  be  essentially  zero  before  the  next  sample  arrives. 

The  IF  output  is  supplied  to  a  second  switch  operated  in  time  sync 
(lagging  by  the  IF  delay)  with  the  first  switch. 

The  post  IF  switch  output  is  supplied  to  three  filter  identical 
to  the  filters  used  prior  to  sampling.  AGO  is  developed  using  the  X  channel 
filter  output  and  is  applied  to  the  IF  amplifier  to  achieve  normalization. 

The  error  detectors  and  remaining  circuitry  are  identical  to  the  FM  tech¬ 
nique. 


e.  FDM  (Frequency  Division  Multiplex) 

Shown  in  Figure  7  is  a  block  diagram  illustrating  the  FDM 
(Frequency  Division  Multiplex)  technique.  The  RF  Amplifier  outputs  are 
mixed  to  three  separate  center  frequencies  such  that  their  individual  spectra 
do  not  overlap.  The  difference  frequencies  f?-fi  and  f2"f3  are  formed  and 
applied  to  separate  mixers.  The  X  and  A  signals  are  summed  linearly  and 
amplified  in  the  broadband  IF.  Again,  AGC  is  developed  from  the  X  channel 
output  and  applied  to  the  IF  for  normalization.  The  X  signal  is  mixed  with 
the  signal  f2-fj  and  the  mixer  sum  output  at  center  frequency  f2  is  used  as 
the  reference  in  the  error  detectors.  The  A  signal  at  center  frequency  f3  is 
mixed  with  the  signal  f£~f3  and  the  mixer  sum  output  is  applied  to  the  error 
detector.  In  SCAMP  (Single  Channel  Monopulse  Processor)  the  AGC  circuitry 
is  replaced  by  a  symmetrical  bandpass  limiter  used  to  achieve  normalization. 
Otherwise,  the  block  diagram  and  above  discussion  here  is  equally  applicable 
to  SCAMP. 

3.  WEIGHTING  FACTORS 

The  factors  considered  most  important  when  evaluating  the  techniques 
discussed  in  the  preceding  paragraphs  are  itemized  below.  Also,  relative 
weights  assigned  to  each  factor  are  listed  opposite  the  factors.  It  should  be 
emphasized  that  the  relative  weights  ave  arbitrary.  When  considering  the 
techniques  for  a  specific  application  the  weighting  could  change.  The  values 
listed  in  Table  3  are  felt  to  most  nearly  reflect  the  goals  and  results  of  the 
present  study  in  an  unbiased  manner.  The  maximum  weight  assigned  is  10, 
and  it  appears  opposite  the  factor(s)  that  are  felt  to  be  of  greatest  importance. 

Sum  channel  degradation  and  equipment  complexity  are  given  the 
maximum  value  of  10.  Equipment  complexity  may  in  many  cases  be  of 
lesser  importance,  but  one  of  the  major  design  goals  in  this  program  was 
to  develop  an  SCMTR  technique  with  less  stringent  equipment  requirements 
than  full  monopuise.  Sum  channel  degradation  is  unquestionably  important 
and  is  weighted  at  maximum  value.  Normalization  and  tracking  error  are 
assigned  weights  of  nine,  since  both  directly  affect  sum  channel  degradation. 
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TABLE  3 


WEIGHTING  FACTORS  USED  IN  SCMTR  EVALUATION 


Factor 
Degradation 
Normalization 
Equipment  Complexity 
Cost 

Dynamic  Range 
Tracking  Error 

Pre-and  Post  Comparator  Errors 
Noise  Frrors 

Bandwidth  Requirements 

Synchronization 

Amplitude  and  Phase  Response 

Crosstalk 


Relative  Weight 
10 

a 

/ 


10 


7 

5 

9 

9 

c 

6 
6 

8 


Reliability 


8 


Tracking  errors  result  from  two  distinct  causes,  noise  and  pre-post 
comparator  errors,  so  two  separate  weighting  factors  have  been  used.  Cros 
talk  and  reliability  are  both  assigned  8,  since  these  factors  may  directly 
contribute  to  sum  channel  degradation.  Reliability,  or  lack  thereof,  can 
result  in  complete  equipment  failure  with  significant  down  time  and  costly 
repairs,  whereas,  crosstalk  will  result  in  tracking  errors  and  extraneous 
signals  in  the  sum  channel. 

Cost  is  the  most  arbitrary  factor  in  this  case,  and  is  given  a  7.  In 
many  cases,  it  is  directly  related  to  equipment  complexity.  Synchroniza¬ 
tion,  amplitude  and  phase  response,  are  each  weighted  6.  Examples  of 
synchronization  are  time  sync  of  the  sampling  switches  in  TDM,  which  can 
cause  gain  loss  and  crosstalk,  and  filter  bandwidth  alignments  in  FDM. 
Amplitude  and  phase  response  is  important  from  the  viewpoint  of  distortion 
in  the  X  channel.  Loss  of  normalization  and  tracking  errors  are  also  in¬ 
troduced  if  amplitude  and  phase  is  not  linear.  Finally,  dynamic  range  and 
bandwidth  are  interrelated,  and  both  can  cause  distortion  and  crosstalk. 

4.  SYSTEM  GRADING 

Shown  in  Table  4  is  the  System  Comparison  Matrix.  Each  of  the 
basic  systems,  or  techniques,  appear  in  a  separate  column  opposite  the 
weighting  factors.  The  first  column  lists  the  items  used  to  evaluate  the 
different  techniques.  Some  of  the  reasons  for  each  relative  grading  are 
discussed  below.  Again,  it  is  emphasized  that  the  numbers  are  somewhat 
arbitrary  and  may  be  changed  considerably  when  applied  to  a  specific 
mission. 


a.  Sum  Channel  Degradation 

FM,  with  no  sum  channel  degradation,  receives  the  maximum 
value  of  1C.  and  multiplication  by  the  weighting  factor  results  in  a  total 
of  100  as  shown  in  the  second  column  under  FM.  FDM  has  relatively  small 
sum  channel  loss,  but  is  given  a  9  since  it  requires  a  summing  circuit  and 
broad  IF  bandwidth.  PM  and  lobing  have  similar  degradation  due  to  coupler 
and  crossover  loss,  respectively,  and  are  assigned  a  grade  of  7.  AMS  is 
similar  to  PM  or  Lobing  in  that  sum  channel  signal  loss  is  the  mechanism 
whereby  pointing  error  is  measured  and  corrected.  TDM  has  switching 
losses,  and  is  assigned  a  5. 

b.  Normalization 

All  techniques  studied  have  normalization  problems  for  low 
SNRs  (10  or  less).  However,  PM  and  Lobing  with  single  IFs  and  square 
law  detectors  exhibit  the  best  overall  normalization  characteristics  and 
are  given  a  9.  Coherent  AGC  will  improve  normalization  further,  but  at 
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the  possible  expense  of  equipment  complexity.  The  "SCAMP"  technique 
is  graded  8,  since  it  is  inferior  to  PM  or  Lobing.  FDM  and  TDM  are 
rated  7,  since  both  require  a  relatively  wide  IF  bandwidth.  FM  and  AMS 
require  that  the  AGC  characteristics  be  known,  and  FM  must  he  ve  the  AGC 
curve  in  its  three  channels  matched  over  the  system  dynamic  range,  so 
both  techniques  are  graded  4. 

c.  Equipment  Complexity 

Equipment  complexity  is  meant  to  include  such  things  as  size, 
weight,  and  quantity  of  equipment.  The  AMS  technique  reauires  a  low 
frequency  generator  and  detector  electronics,  but  a  simple  feed.  Its  main 
feature  is  its  simplicity,  and  it  is  graded  10.  PM  requires  a  Q  generator 
and  scanner,  while  the  Lobing  technique  requires  a  Q  generator  and  either 
a  mechanical  feed  nutator  or  scanning  electronics.  PM  is  thus  given  a  9 
and  Lobing  an  8.  TDM  requires  extremely  wideband  IFs,  narrow  filters 
and  fast  switches  and  is  graded  2.  Since  FDM  requires  a  broadband  IF, 
seven  mixers,  and  three  extra  oscillators,  it  is  given  a  4.  FM  is  relative¬ 
ly  less  complex  than  FDM  and  more  so  than  Lobing,  and  is  graded  6. 

d.  Cost 

In  general,  cost  is  related  directly  to  equipment  complexity 
and  is  graded  accordingly.  The  weighting  factor  can  be  adjusted,  for  any 
particular  application,  to  either  increase  or  decrease  its  relative  impor¬ 
tance  as  desired. 

e.  Dynamic  Range 

The  "SCAMP"  technique,  due  to  its  limiting,  has  a  10  for 
dynamic  range.  PM  and  Lobing  are  then  graded  9,  ba  „ed  on  a  single 
receiver  and  relatively  narrow  band  IF.  AMS  is  given  an  8,  since  it 
requires  that  the  IF  gain  be  normalized  or  manual  gain  used.  The  wide 
bandwidth  and  switching  loss  in  the  TDM  technique  requires  more  RF 
gain  relative  to  the  other  techniques,  so  it  is  rated  4.  FM  requires  three 
matched  IFs  and  is  given  a  7,  compared  to  the  8  for  FDM,  which  requires 
one  relatively  wide  IF  amplifier. 

f.  Tracking  Error 

As  mentioned  earlier,  this  item  is  composed  of  two  categories, 
noise  and  pre -comparator,  post-comparator  errors.  Each  carries  a 
maximum  value  of  5  in  grading,  making  100  the  maximum  total  points  for 
tracking  error. 


Noise  Error 


AMS,  Lobing  and  PM  have  similar  tracking  errors  due 
to  noise  as  a  result  of  their  crossover  loss,  and  are  rated  2  each. 

FM  and  FDM  have  no  equivalent  losses  and  get  the  maximum  value 
of  5.  Although  no  direct  crossover  loss  is  experienced  in  TDV.,  there 
are  similar  problems  with  switching  loss  in  the  error  channels  which 
results  in  loss  5f  normalization,  so  TDM  is  rated  a  4. 

h.  Pre-Comparator  and  Post-Comparator  Errors 

Lobing  and  FM  exhibit  similar  pre-comparat  or  errors 
and  no  significant  post-comparator  errors.  AMS  has  no  comparator 
and  has  very  low  equivalent  losses,  so  each  of  the  three  techniques  are 
rated  5.  FM  has  three  receivers  to  contribute  both  pre-  and  post- 
comparator  errors,  and  is  rated  3.  TDM  has  potential  problems  with 
matching  the  switches  and  FDM  with  mixers  and  filters,  and  they  are 
graded  4. 


i.  Bandwidth  Requirements 

AMS,  Lobing  and  PM  require  no  increase  in  bandwidth 
to  accommodate  the  tracking  feature,  and  are  all  rated  at  the  maximum 
value  of  10.  FM,  which  uses  three  matched  IF!s,  is  rated  9.  The  two 
techniques  TDM  and  FDM  require  wide  IF  bandwidths  compared  to  the 
information  bandwidth  and  both  are  rated  5. 

j  .  Synchronizat  ion 

FM  has  no  synchronization  problems  and  receives  the 
maximum  value  of  10.  AMS,  Lobing  and  PM  require  synchronization 
between  the  lober  and  detector,  so  each  are  rated  9.  Possibly  the  most 
difficult  technique,  insofar  as  synchronization  is  concerned,  is  TDM  due 
to  the  high  speed  switches,  so  it  is  graded  3.  FDM  has  a  bandpass 
alignment  problem  in  the  filters,  essentially  a  "synchronization’1  problem, 
and  is  rated  6. 

k.  Amplitude  and  Phase  Response 

Linear  Amplitude  and  Phase  Response  are  more  easily 
achieved  with  wide  bandwidths  compared  to  the  information  bandwidth, 
and,  of  course,  with  fewer  components.  AMS,  Lobing,  and  PM  have  a 
sxngle  IF  which  may  be  optimized  in  bandwidth  to  produce  flat  amplitude 
and  linear  phase  response  over  the  information  band  and  is  rated  10. 
FDM  or  TDM  with  their  increased  IF  bandwidths  pose  more  severe 
problems.  FDM  is  given  9,  because  of  the  increased  number  of 
components  required,  and  resultant  alignment  problems.  TDM  is 
rated  6  due  to  the  requirement  for  narrow  band  filtering  before  and 
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after  the  sampling  switches.  FM  is  rated  3  since  it  requires  that  the 
RF  and  IF  components  have  matched  amplitude  and  phase  characteristics 
over  the  operating  dynamic  range. 

l.  Crosstalk 

Crosstalk  includes  tracking  errors  from  one  axis, 
azimuth  for  instance,  affecting  the  elevation  channel  and  vice  versa. 

Also,  crosstalk  includes  spurious  type  signals  caused  by  LO  leakage 
from  one  channel  to  another. 

Lobing  and  PM  are  rated  10  because  of  the  single  receiver 
and  LO  requirements .  This  assumes  that  synchronization  is  such  as  to 
not  introduce  significant  crosstalk  between  the  error  channels.  FM 
requires  three  receivers  and  three  LO's  with  the  isolation  (LO)  problem 
and  is  given  an  8.  TDM  has  an  isolation  problem  in  the  switches  as  well  as 
LO  leakage  between  channels  and  is  rated  5.  FDM  has  a  frequency 
separation  problem,  together  with  LO  isolation  between  channels,  and 
is  rated  at  4.  "SCAMP"  is  no  better  than  FDM  due  to  its  hard  limiter  and 
associated  intermodulation  products.  AMS  is  rated  9  because  errors  in  o^e 
axis  can  slightly  affect  the  other.  This  is  due  to  mechanical  pointing  Vs. 
readout  discrepancies,  but  is  otherwise  similar  to  lobing  and  PM. 

m.  Reliability 

PM  and  Lobing  require  a  scanner  and  nutating  feed, 
respectively,  with  a  single  receiver  and  both  are  rated  a  10  for  reliability. 
AMS  requires  that  the  antenna  drive  motor  be  cycled  while  tracking  and  is 
therefore  rated  7.  The  other  techniques,  FM,  TDM  and  FDM,  are  rated 
5,  4,  and  3  in  that  order.  FM  requires  three  complete  receivers,  but 
FM  is  considered  more  reliable  than  TDM  with  a  single  IF,  high  speed 
switches,  and  narrow  band  filters,  FDM  has  several  oscillators  and 
mixers  in  addition  to  the  single  IF  and  narrow  filters,  and  appears  to 
be  less  reliable  than  the  other  approaches. 

5.  SUMMARY 

The  preceding  discussion,  as  shown  by  the  totals  in  the 
evaluation,  indicate  that  PM  and  Lobing  will  each  provide  a  practical 
approach  to  a  Single  Channel  Monopulse  Tracking  Receiver  design. 

Either  approach  can  be  adaptable  to  mobile  stations,  and  provide  a 
communication  signal  (sum  channel)  for  data  demodulation  in  a  separate 
receiver  with  less  than  1  DB  degradation.  Also,  the  evaluation  indicates 
that  TDM  is  the  least  desirable  design  approach  when  all  the  tradeoffs 
are  considered.  AMS,  when  considered  largely  from  the  equipment 
complexity  and  communication  degradation  standpoint,  will  provide 
equal,  if  not  superior,  performance  as  a  SCMTR  for  the  orbital 
dynamics  of  interest  in  this  study. 
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The  two  basic  techniques  PM  and  AMS,  were  ji  sufficient 
interest  to  warrant  furthsr  investigation,  PM  is  useful  in  not  only  the 
present  situation,  but  also  in  those  cases  where  tracking  dynamics  pose 
more  of  a  problem.  AMS,  on  the  other  hand,  is  attractive  as  a  "stand  by" 
mode,  which  would  replace  (or  augment)  a  manual  mode.  Since  each 
technique  exhibited  significant  advantages,  two  SCMTR  designs  were 
accomplished.  The  major  SCMTR  design,  found  in  Section  IV,  is  a 
pseudo-monopulse  system.  The  less  complex  technique,  AMS,  is 
described  in  Section  V. 
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SECTION  IV 


PSEUDO- MONOPULSE  SCMTR  DESIGN 

1.  INTRODUCTION 

The  complete  design  of  a  SCMTR  utilizing  the  pseudo-monopulse 
technique  is  described  in  this  section.  The  basic  system  block  diagram 
is  described,  including  acquisition  and  tracking  error  considerations. 

Next,  the  subsystem  design  considerations  are  discussed.  Following 
this  is  the  equipment  description,  which  illustrates  the  feasibility  of 
implementing  the  basic  concept.  Finally,  the  basic  characteristics  of 
the  design  are  summarized. 

2.  THE  PSEUDO- MONCFULSE  SYSTEM  CONCEPT 

The  basic  pseudo -monopulse  SCMTR  is  illustrated  in  Figure  8. 

The  antenna -feed  system  selected  is  an  amplitude -comparison  rnono- 
pulse  type.  The  sum  and  two  difference  beams  are  formed  in  the  com¬ 
parator  (a  series  of  hybrid  tees)  and,  up  to  this  point,  the  system  is 
identical  to  a  conventional  three -channel  amplitude  monopulse  tracking 
system. 

The  system  from  the  comparator  to  the  receiver  is  the  heart  of 
the  pseudo- monopulse  receiver  and  is  termed  the  "scanner  network". 

Iiiis  scanner  network  takes  the  two  difference  channels  and  time  shares 
them  at  the  output  of  the  "scanner"  for  error  modulation. of  the  sum 
channel.  This  concept  is  illustrated  in  Figure  9  (although  a  12  dB 
coupler  is  illustrated,  a  10  dB  coupler  is  used  in  the  present  system). 

The  phasing  of  the  three  channels  from  the  feed  aperture  to  the  output 
of  the  scanner  network  is  important,  but  not  critical.  For  broad  band 
operation,  the  phase  lengths  should  be  equal  in  order  to  accomplish 
proper  phasing.  The  separate  lines  are  carefully  designed  to  be  L»e 
same  phase  length,  and  phase  length  adjustments  are  built  into  two  of 
the  lines  to  account  for  any  small  design  or  fabrication  errors.  Con¬ 
siderable  attention  is  given  to  VSWR  at  each  component  interface  to 
minimize  the  effects  on  amplitude  and  phase  response  in  the  comparator. 

The  basic  system  design  is  based  on  concepts  developed  in 
Section  XII;  e.g.  ,  the  use  of  a  single  preamplifier  following  the  direction¬ 
al  coupler  is  shown  to  be  optimum  in  a  practical  situation.  The  sum  and 
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Figure  8.  Pseudo-Monopulse  SCMTR  tilock  Diagram 


difference  channel  degradation  cau3ed  by  the  pseudo- monopulse  tech¬ 
nique  is  also  described  in  Section  XII  as  well  as  criteria  for  the  selection 
cf  the  scanning  signals. 

The  scanner  and  coupler  are  followed  by  a  low  noise  amplifier. 

The  amplifier  gain  is  sufficient  to  establish  the  receiver  noise  tempera¬ 
ture  as  approximately  that  of  the  amplifier  itself.  The  contribution  from 
the  following  mixer  is  due  to  its  8  dB  input  noise  figure  modified  by  a 
small  cable  loss  between  the  amplifier  output  and  the  mixer  input.  The 
total  second  stage  contribution  does  not  exceed  2°K  at  the  highest  operat¬ 
ing  temperature. 

a.  Acquisition  Considerations 

Generally,  there  are  no  conflicts  between  the  requirements 
of  the  receiving  subsystem  for  data  acquisition  and  the  requirements  for 
antenna  servo  tracking.  However,  normal  receiver  resign  c/ten  does  not 
adequately  consider  the  receiving  subsystem  as  part  of  the  antenna  servo 
dynamics.  Studies  have  been  conducted  which  show  that  the  AGC  loop 
bandwidth  should  be  at  least  as  wide  as  the  antenna  servo  bandwidth,  and 
preferably  much  wider.  In  addition,  the  AGC  loop  should  introduce  very 
little  phase  shift  at  the  frequency  of  the  AC  tracking  error  signal.  If  the 
pseudo-monopulse  switching  frequencies  can  be  high  enough,  the  above 
AGC  loop  bandwidth  requirements  can  very  easily  be  met.  If  the  switching 
speeds  cannot  be  increased  far  enough  to  meet  the  above  requirements 
using  normal  AGC  filter  techniques,  it  may  be  necessary  to  use  a  notch 
in  the  AGC  feedback  at  the  frequency  of  AC  servo  error  signal.  Using  this 
technique  the  AGC  bandwidth  can  be  made  as  high  as  one  third  of  the  AC 
servo  error  signal  frequency. 

Another  requirement  for  the  AGC  loop  is  that  it  maintains 
a  constant  gain  at  the  AC  servo  error  signal  frequency  over  the  full 
dynamic  range  of  the  RF  input  levels.  This  requirement  can  be  easily 
met  from  plus  10  dB  signal-to -noise  ratio  in  the  IF  bandwidth  to  maximum 
RF  signal  input  by  using  an  integrator  in  the  AGC  feedback.  With  an 
integrator  in  the  feedback  the  scale  factor  at  the  output  of  the  envelope 
detector  in  volts  per  degree  off  target  will  be  down  one  dB  at  +10  dB 
signal-to-noise  ratio,  down  6  dB  at  zero  dB  signal-to-noise  ratio,  and 
decreases  2  dB  per  each  dB  of  degradation  of  signal-to-noise  ratio,  as 
shown  in  Section  VIII.  This  can  be  improved  somewhat  by  using  coherent 
AGC.  However,  the  use  of  coherent  AGC  complicates  the  receiver  design. 
In  some  cases,  when  a  phase -lock  detector  is  employed  for  demodulation, 
the  xise  cf  a  quadrature  detector  provides  coherent  AGC  at  little  additional 
expense. 
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The  mission  requirements  for  an  automatic  tracking 
antenna  system  often  place  additional  requirements  on  the  receiving 
subsystem.  The  data  bandwidth,  the  frequency  uncertainties,  the  un¬ 
certainty  of  the  location  of  the  target,  the  RF  beamwiath  and  the  servo 
dynamics  should  all  be  considered  in  selecting  the  antenna  search  pattern 
and  the  method  of  frequency  acquisition  to  be  used  in  the  receiving  sub¬ 
system  to  optimize  the  probability  of  acquisition. 

In  typical  satellite  communications  links  the  angular 
uncertainties  and  frequency  uncertainties  require  that  the  receiver 
automatically  sweep  through  the  frequency  uncertainties  and  automatic¬ 
ally  acquire  the  signal  frequency.  Since  the  receiver  would  be  sweeping 
in  frequency  at  the  same  time  the  antenna  is  performing  an  angular 
search  pattern,  an  additional  requirement  on  the  receiving  subsystem  is 
that  its  automatic  frequency  acquisition  capabilities  be  sufficient  to  allow 
the  antenna  to  search  the  angular  uncertainty  with  a  high  probability  of 
acquiring  the  signal.  When  the  signal  is  detected  by  the  receiving  sub¬ 
system,  a  signal  to  the  antenna  position  memory  circuit  must  be  sent 
from  the  servo  while  the  target  is  still  within  ihe  antenna  beamwidth.  The 
receiver  frequency  search  and  acquisition  system  must  also  allow  for 
the  probability  that  the  antenna  servo  system  will  allow  the  antenna  to 
overshoot  sufficiently  to  move  the  antenna  beam  past  the  source  before 
the  position  memory  can  return  the  antenna  to  the  position  it  occupied 
at  the  instant  it  was  switched  to  position  memory;  i.  e.  ,  a  period  of 
signal  loss  may  occur  due  to  mechanical  overshoot,  since  the  antenna 
cannot  be  stopped  instantaneously. 

Analyses  have  been  made  which  relate  the  receiving  sub¬ 
system  frequency  acquisition  technique ,  the  other  system  capabilities 
and  mission  requirements  to  the  probability  of  detection.  The  results 
of  these  analyses  for  the  particular  mission  requirements  must  be  in¬ 
corporated  into  the  receiver  design  in  order  to  achieve  the  desired 
probability  of  detection.  This  subject  is  discussed  in  detail  in  Appendix 
IV  and  reference  (4). 

b.  Angular  Tracking  Error  Analysis 

The  angular  tracking  error  analysis  is  concerned  with 
small  errors  near  bore  sight  only,  since  large  pointing  errors  would 
result  in  significant  sum  channel  signal  loss.  Also,  since  the  system 
produces  two  error  channels  that  are  orthogonal,  the  errors  can  be 
treated  independently. 

Two  basic  types  of  systems,  amplitude  and  phase  sensing, 
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are  of  the  most  interest*.  The  amplitude  -  sensing  system  has  each  feed 
radiation  pattern  dispiaced  f  rom  the  antenna  system  bore  sight  axis.  Thus, 
for  all  signals  within  the  antenna  beamwidth,  except  those  on  bore  sight, 
unequal  signal  amplitudes  are  induced  in  the  feeds.  When  the  two  signals 
are  subtracted,  a  null  is  produced  only  for  those  signals  arriving  along 
the  boresight  axis.  The  phase  -  sensing  system  has  each  feed  radiation 
pattern  symmetrical  about  its  individual  boresight  axes.  All  feed  patterns 
have  parallel  boresight  axes,  and  the  far  field  radiation  patterns  are  over¬ 
lapping,  resulting  in  equal  amplitude  signals  in  each  feed  for  any  source 
within  the  feed  beamwidth.  There  is  a  time  or  phase  delay  between  the 
signals  arriving  at  each  feed  due  to  the  physical  spacing  between  them  for 
all  signals  arriving  off  boresight.  The  phase  characteristics  result  in  a 
well  defined  boresight  axis  which  is  midway  between  and  parallel  tc  the 
individual  feed  boresight  axes.  In  Section  VII  it  is  shown  that,  in  the  phase 
sensing  system,  precomparator  phase  errors  cause  proportional  boresight 
errors  and  pre comparator  amplitude  errors  cause  null  depth  variations. 

The  inverse  is  true  for  the  amplitude  sensing  system  (pre comparator  ampli¬ 
tude  unbalance  results  directly  in  boresight  shifts  while  pre  comparator 
phase  errors  cause  null  depth  variations).  In  a  pseudo- monopul se  system 
design,  poet- comparator  errors  can  be  made  negligibly  small.  In  addition  to  the 
phase  and  amplitude  errors,  there  also  exists  a  pointing  error  due  to  noise. 

In  the  system  configuration  of  interest  here,  the  amplitude 
sensing  approach  is  applicable,  since  the  feed  arrangement  used  has  a 
single  aperture  with  four  closely  spaced  feeds.  The  tracking  error  is  a 
result  of  many  factors,  including 

Multipath /Fading 
Servo  Lag  (dynamic) 

Wind  Loading 
Noise 

Precomparator  and  Postcomparator  errors 
Normalization  errors 

However,  for  SNR's  (Signal -to-noise  ratios)  of  interest,  and  since  high 
pointing  accuracy  with  respect  to  the  antenna  beamwidth  is  not  required, 
only  noise  and  comparator  errors  will  be  considered  in  detail.  The  re¬ 
maining  factors  are  system  parameters  which  are  essentially  independent 
of  the  SCMTR  technique. 

The  expected  values  of  SNR  in  the  sum  channel,  and  the 


*  Although  "pure"  amplitude  or  phase  sensing  systems  are  not  reaHzable, 
it  is  convenient  to  analyze  the  systems  based  on  the  predominant 
characteristics. 
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phase  and  gain  differentials  between  the  sum  and  difference  channels, 
will  be  used  independently  to  determine  the  singi»  axis  tracking  error. 
The  beam  radial  error  will  be  determined  for  low  elevations,  and  the 
expected  sum  channel  degradation  due  to  tracking  error  estimated. 

(1)  Tracking  Error  Due  To  Noise 

The  exact  expression  for  pseudo-monopulse  noise 
error  is  found  in  Appendix  II.  The  expression  is 
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where  the  P's  are  signal  powers,  O'  are  noise  powers,  W 
pre-and  post-detection  bandwidths,  and  K  =_k_  where  k 
factor,  1  -  k2 


i  a 


and/J  are 
c  is  the  coupling 


Equation  (4)  can  be  simplified  considerably  in  most  practical  cases  of 
interest.  When  relatively  small  coupling  is  used  and  the  noise  power  in 
each  channel  is  equal,  the  expression  for  small  pointing  errors  reduces 
to 
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(6) 


when  the  sum  channel  signal-to-noise  ratio  is  greater  than  6  dB 


The  pointing  error  can  be  determined  from  equation 
(6)  and  by  knowing  the  antenna  difference  channel  pattern.  The  feed 
design  will  produce  a  difference  channel  slope,  hl^o),  of 
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which  is  the  slope  of  the  difference  channel  divided  by  the  sum  channel 
gain,  both  evaluated  at  boresight.  The  difference  channel  signal,  Pel,. 
is  then  given  by 

pEl  =  Mr2(°)  •  e  2'  ps  (8) 

where  9  is  the  mean  square  pointing  error.  When  a  high  gain  servo  is 
used,  the  pointing  error  is  determined  by  equating  the  output  signal  to 
the  output  noise;  i.e.,  let  the  output  signal-to-noise  ratio  be  unity.  Then 


j  =  k2  .  W  Mr2(o)  02p 

2  P>  CT2 

— T  2  Por2  2  P 

0  = _ =  _ 

k2W  Mr2Ps  k2  M,.2(C/N) 


(9) 

(10) 


where  C/N  is  the  carrier  to  noise  density  in  the  sum  channel. 

It  is  apparent  from  equation  (10)  that  the  mean  square 
angular  error  due  to  noise  is  directly  proportional  to  fj  ,  the  servo  band¬ 
width.  Therefore,  smoother  tracking  results  when  the  servo  bandwidth 
is  held  to  the  minimum  value  necessary  to  follow  target  dynamics,  over¬ 
come  wind  loading,  and  provide  an  operating  margin  of  safety. 

The  expected  C/N  in  a  typical  synchronous  satellite 
system  is  found  from  the  link  budget  of  Table  5.  System  parameters, 
defined  in  following  paragraphs,  are: 

Z  2 

Mr  =  3.  14  per  degree 

k2  =0.1  (10  dB  coupler) 

/3  =  1  Hz 

The  resultant  pointing  error  due  to  noise  is  then 


or 


02=  _ 2  X  1 _  =  0.715  x  10"6  (11) 

0.1  x  3.  14  x  0.89  x  106 

9rms  =  °-847  x  1°"3  Agrees 
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TABLE  5 


TYPICAL  SYNCHRONOUS  SATELLITE  LINK  BUDGET 


Satellite  (synchronous)  effective  radiated  power: 

(+)  50  dBm 

Free  space  attenuation  (synchronous): 

(-)  201.9  dB 

Atmospheric  Absorption: 

(-)  0.4  dB 

Receiving  Antenna  Gain: 

(+)  50  dB 

Margin  for  Power  Control  Error: 

(-)  1.0  dB 

Feed  and  Line  Loss  (comparator  included): 

(-)  1.2  dB 

Receiver  Signal  Power: 

(-)  104.5  dBm 

Receiving  System  Noise  Density*: 

(-)  175  dBm/cps 

Receiver  Carrier  to  Noise  Density: 

69.  5  dB 

*  The  receiver  noise  density  is  based  on  an  antenna  noise  temperature  of 
40°k  at  10°  elevation,  parametric  amplifier  input  temperature  of  120°K  and 
'<  line  loss  of  1  dB  at  350°K  ambient  temperature. 
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This  shift  results  in  a  negligible  loss  in  gain  due  to  pointing 
er:.or.  It  is  apparent  that  the  system  is  capable  of  operation  at  significant 
ly  lower  signal  levels  without  degrading  the  gain  as  a  result  of  pointing 
angle  noise. 


(2)  Precomparator  and  Postcomparator  Errors 

The  errors  caused  by  both  pre-  and  postcomparator 
amplitude  and  phase  unbalance  are  derived  in  Section  VII.  Since,  in  a 
pseudo-monopulse  system,  the  postcomparator  errors  can  be  made 
negligibly  small,  only  the  precomparator  errors  are  of  interest.  Further¬ 
more,  since  a  time -orthogonal  Q  function  is  used  in  the  scanner,  the  null 
depth  does  not  cause  a  bore  sight  shift  (as  would  occur  in  a  two-channel 
monopulse  system  for  example).  Therefore,  the  most  important  error, 
for  this  amplitude  sensing  system,  is  the  bore  sight  shift  caused  by  pre- 
comparator  amplitude  unbalance. 

It  is  shown  in  Section  VII  that  for  an  amplitude  sensing 
syster',  the  condition 

K  G(u)  =  1  (12) 

determines  bore  sight.  Then, 


ga  -gb 
ga  +  gb 


(13) 


where  and  Gg  are  the  equivalent  gains  of  the  two  elevation  sensing 
feeds.  Then, 
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Near  bore  sight, 


GA  +  GB  . 

ga 


(15) 


assuming  identical  individual  feed  patterns,  so  that 


GA 


(16) 
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From  this. 


9 


1  ~  °b/G*  degree 

2  Mj. 


(17) 


where  Gg/G^  is  the  precomparator  amplitude  unbalance.  The  system 
can  be  designed  to  obtain  an  amplitude  unbalance  of  less  than  0. 1  dB  over 
the  frequency  band  of  interest.  This  would  result  in  a  bore  sight  shift  of 


0 


1  -  1.0233 

2  x  1.77 


6.  6  x  10-3  degrees 


(18) 


Again,  a  negligible  sum  channel  loss  occurs  due  to  pointing  error. 

The  overall  rms  system  pointing  error  due  to  both  noise 
and  amplitude  unbalance  in  both  azimuth  and  elevation  is  found  by  combin¬ 
ing  the  errors  as  independent  random  variables.  The  resultant  error  is 

9e  =  10“3  '\/  2  •  (6.6)2  +  2  •  (0.  847)2 

=  9.  42  x  10"3  degrees  (19) 

The  composite  error,  then,  is  less  than  2%  of  the  beamwidth,  and  the 
resultant  loss  in  gain  will  be  well  below  0.  1  dB,  as  seen  from  Figure  10, 
the  approximate  antenna  beam  pattern  near  bore  sight. 

3.  SYSTEM  DESIGN  CONSIDERATIONS 


The  basic  factors  to  be  considered  in  the  realization  of  the  SCMTR 
illustrated  in  Figure  8  are  discussed  in  this  section.  These  requirements 
are  based  on  the  general  system  requirements  of  Section  II  and  the  detail¬ 
ed  characteristics  of  the  pseudo-monopulse  technique  described  in  Section 
XII.  The  detail  design/characteristics  of  the  elements  considered  in  this 
paragraph  will  be  described  in  paragraph  4  of  this  Section. 

A 8  shown  in  Figure  8,  the  signals  from  each  of  four  separate  feeds 
are  combined  jn  the  eOxnparator.  Hybrid  tees  are  used  to  form  the  sum 
and  the  two  difference  signals.  The  comparator  outputs  are  combined  in 
the  scanner  arid  coupler  before  entering  the  receiver.  The  coupler  output 
drives  the  receive  filter  and  low  noise  amplifier.  After  filtering  and 
amplification,  the  signals  are  mixed  with  the  local  oscillator  and  translat¬ 
ed  to  the  IF  band  for  demodulation.  The  data  signal  is  demodulated  in  an 
angle  demodulator  (phase -lock  loop  or  discriminator)  and  the  composite 
tracking  signal  is  detected  in  an  AM  detector.  The  two  axis  tracking  error 
signals  are  then  separated  in  synchronous  detectors,  utilizing  the  same 
signals  which  combined  the  two  channels  in  the  Manner. 
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a.  Feeds  and  Comparator 

The  amplitude  monopulse  feed  consists  of  four  closely 
spaced  horns  which  illuminate  a  dish  or  Cassegrain  subreflector.  At 
X-band  these  feeds  are  generally  used  in  conjunction  with  the  Cassegrain 
configuration  because  the  corporate  feed  is  large  and/or  an  apex  feed 
would  present  a  weight  or  structural  problem  and  perhaps  an  electrical 
problem  through  aperture  blockage.  The  schematic  diagram  for  the  single 
channel  monopulse  feed  system  is  shown  in  Figure  11.  This  system  is 
capable  of  both  transmitting  and  receiving  a  signal  through  the  same  feed. 
The  feed  consists  of  4  horns,  4  dlplexers,  4  magic  tees,  a  ferrite  scanner, 
coupler,  and  polarizer. 

An  elevation  error  signal  Ag  and  an  azimuth  error  signal 
Aa  are  given  by  the  vector  combination 

Aa  =  (A  +  C)  -  (B  +  D) 

Ae  =  (A  +  B)  -  (C  +  D) 

where  A,B,C,  and  D  are  the  signals  at  feeds  A,B,  etc.  Two  magic  tees 
adjacent  to  the  feeds  take  the  sum  and  differences  'if  signals  received 
from  the  feeds  with  the  sum  going  out  the  shunt  tee  and  the  difference  out 
the  series  tee.  The  series  arms  of  these  two  magic  tees  are  then  fed  to 
another  magic  tee  from  which  an  azimuth  error  signal  is  obtained.  The 
shunt  arms  from  the  first  two  magic  tees  are  likewise  fed  to  another 
magic  tee  which  produces  an  elevation  error  (in  the  shunt  arm)  and  a  sum 
signal  (the  total  sum  received  from  the  four  feeds  is  obtained  from  the 
series  arm).  The  two  error  signals  are  fed  to  the  scanner,  and  the  sum 
channel  is  fed  to  a  directional  coupler. 

b.  Scanner 

The  scanner  is  a  device  for  combining  the  two  error 
channels  on  a  single  channel  in  an  optimum  manner,  as  described  in 
Section  XII.  Early  techniques  for  sampling  the  channels  included  diode 
switching  (in  the  UHF  range)  and  various  mechanical  devices.  The  former 
exhibits  excessive  losses  at  X-band  and  the  latter  is  not  as  reliable  as 
electronic  techniques.  The  most  suitable  technique  at  present  utilizes 
ferrite  phase  shifters  to  obtain  the  necessary  switching -phase  shifting 
functions.  These  devices  are  reliable,  capable  of  high  speed  operation, 
and  can  be  easily  operated  with  a  wide  range  of  switching  rates. 

c.  Directional  Coupler 

The  basic  tradeoff  between  sum  channel  degradation  and 
difference  channel  sensitivity  determines  the  selection  of  the  coupling 
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factor  in  the  directional  coupler.  When  the  scanner  itself  is  lossy,  the 
difference  pattern  gain  must  be  reduced  by  this  amount,  thus  requiring 
tighter  coupling  (more  sum  channel  degradation)  for  a  given  tracking 
sensitivity.  A  10  dB  coupler  is  chosen  for  this  system,  resulting  in  a 
0.46  dB  loss  of  communication  signal  power  and  approximately  )3  dB 
overall  loss  in  tracking  sensitivity.  The  overall  loss  is  the  sum  of  the 
scanner,  coupler,  and  line  (insertion)  losses.  The  output  of  the  coupler 
is  an  envelope  modulated  signal  whenever  there  is  a  system  pointing  error. 
This  signal  is  supplied  to  the  receive  filter. 

d.  Receive  Filter 

The  Receiver  filter  is  required  to  provide  most  (60  dB) 
of  the  image  rejection  for  the  system.  The  filter  is  a  bandstop  unit  in 
WR  137  guide,  providing  over  60  dB  rejection  to  frequencies  in  the  band 
7.  86  Gc  _+  25  Me.  The  insertion  loss  in  the  receive  band  of  8  Gc  _+  25  Me  ia 
less  than  0.3  dB  with  input  and  output  VSWR  less  than  1.3:1. 

e.  Low  Noise  Preamplifiers 

Low  noise  amplification  of  the  8  GHz  signal  may  be 
accomplished  by  several  types  of  devices.  The  device  characteristics, 
capabilities,  and  limitations  were  surveyed  during  this  program,  and  the 
results  are  found  in  Appendix  III.  It  appears  that  a  suitable  compromise 
between  system  complexity  (compatible  with  highly  transportable  terminals) 
and  system  sensitivity  would  be  best  achieved  by  using  uncooled  parametric 
amplifiers. 


An  uncooled  two  stage  amplifier  would  provide  a  minimum 
of  30  dB  gain,  a  noise  temperature  (including  second  stage  contributions) 
in  the  order  of  110°K,  and  a  fixed  tuned  1  dB  bandwidth  in  excess  of  50  MHz. 
The  amplifier  would  also  provide  high  isolation  (100  dB)  to  any  signals  at 
its  output  terminals,  such  as  the  local  oscillator  energy  used  for  the  first 
frequency  down  converter.  The  maximum  in-band  signal  level  for  0.5  dB 
gain  compression  is  -50  dBm,  and  -20  dBm  for  500  Me  out-of-band  signals. 

f.  Local  Oscillator 

Signal  sources  for  the  mixer  having  the  required  stability 
of  10"8  over  the  operating  temperature  range  can  be  provided  using  either 
X-band  source  locked  to  a  stable  reference,  or  by  multiplying  the  output 
of  crystal  controlled  oscillator.  The  X-band  source,  when  locked  to  a 
stable  reference  will  provide  the  required  stability  with  a  wide  tuning  range. 
This  approach  obviously  requires  some  sort  of  stable  reference,  such  as 
Hewlett-Packard  5100A/5110A  Synthesizer,  that  is  tunable  with  the  required 
frequency  stability,  and  a  method  of  developing  the  AFC  signal,  such  as  the 
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Hewlett-Packard  (Dymec)  Synchronize”  Model  2654A-M1.  This  technique 
provides  tunability  and  frequency  stability  at  the  expense  of  size,  weight, 
cost,  reliability,  and  does  not  lend  itself  ‘o  transportable  type  systems. 

The  oscillator -multiplier  technique  appears  more  attrac¬ 
tive  for  transportable  systems  due  to  the  reduction  in  equipment  required, 
size,  weight,  increased  reliability,  and  reduced  costs.  The  multiplier 
can  be  designed  for  10-15  percent  bandwidth  at  X-band,  and  tunability  can 
be  accomplished  by  replacing  the  oscillator  unit  itself  to  provide  the  de¬ 
sired  output  frequency. 

The  selection  of  the  LO  frequency  is  based  upon  several 
factors.  For  this  design,  a  single  conversion  will  be  used  prior  to  the 
demodulator  input.  This  will  allow  the  signal  to  be  routed  from  the  antenna 
through  the  azimuth  and  elevation  cable  wraps  (or  rotary  joints)  at  a  re¬ 
latively  low  frequency  to  avoid  excessive  transmission  line  loss  and  sub¬ 
sequent  system  noise  degradation. 

The  exact  IF  frequency  is  not  critical,  but  should  be  based 
upon  a  spurious  analysis,  together  with  hardware  compatibility.  The 
latter  suggests  an  IF  somewhere  below  100  Mc/s,  and,  since  a  spurious 
analysis  indicates  that  the  lowest  order  spurious  near  100  Me  is  of  the 
form  2(Fin-FLo)>  70  Mc/s  IF  is  chosen.  The  fourth  order  spurious  is 
then  located  at  140  Mc/s  center  frequency,  and  is  not  in-band. 

Next,  the  choice  of  the  basic  oscillator  frequency  is  made, 
again  considering  spurious  and  hardware  compatibility.  Since  the  multi¬ 
plication  process  will  result  in  all  harmonics  of  the  basic  frequency  at  the 
multiplier  output,  it  is  wise  to  choose  the  basic  frequency  such  that  when¬ 
ever  there  is  mixing  between  the  desired  multiplier  output  and  any  undesir¬ 
ed  signal  (harmonic)  at  the  multiplier  output,  the  sum  or  difference  does  not 
equal  the  IF  frequency.  Therefore,  the  basic  frequency  should  not  be  near 
70  Mc/s,  and  a  frequency  near  124  Mc/s  is  selected.  This  will  require  a 
X64  multiplication  factor  to  provide  an  LO  frequency  at  7930  Mc/s  using 
low  side  injection  to  produce  the  70  Me  IF. 

The  first  frequency  translation  signal  is  derived  from  a 
crystal  controlled  oscillator  and  multiplier.  The  multiplier  is  a  solid 
state  X64  unit  capable  of  +10  dBm  minimum  output  power  over  the  band 
7.930  Gc  +  25  Me  at  all  operating  temperatures.  The  multiplier  accepts 
an  input  level  of  +10  dBm,  in  the  frequency  range  123-125  Me. 

The  basic  frequency  is  provided  by  a  crystal-controlled 
oscillator  in  a  dual  proportional-control  oven.  Frequency  stability  is 
l(10®)/24  hours,  and  1(10^)/15  minutes.  Warmup  time  is  less  than  30 
minutes  at  the  lowest  operating  temperature.  The  output  power  is  +13 
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dBm  minimum  at  a  frequency  of  approximately  124  Me. 
g.  Mixer -Preamplifier 

The  mixer- preamplifier  design  must  result  in  a  device 
which  will  simultaneously  translate  the  incoming  RF  energy  at  8  GHz 
to  an  IF  where  suitable  demodulators  are  available,  and  provide  a  noise 
temperature  that  will  not  significantly  degrade  the  system  noise  perfor¬ 
mance.  Recent  work  in  microwave  diode have  resulted  in  lower 
noise  characteristics,  and  mixers  utilizing  Schottky  barrier  gallium 
arsenide  diodes,  when  properly  optimized,  display  near  minimum 
theoretical  mixer  noise  figures. 

Tests  on  single-ended  X-band  mixers  have  indicated  noise 
figures  as  low  as  4.8  dB,  including  a  1.  5  dB  IF  noise  figure.  Use  of  low 
noise  mixer -preamplifiers  eliminates  the  need  for  low  noise  amplifiers 
preceding  the  mixer  such  as  TDA's  (Tunnel  Diode  Amplifiers)  or  TWT'r 
(Traveling  Wave  Tubes),  as  single  side  band  noise  figures  of  6-9  dB  ar 
available  using  preamplifiers  with  noise  figures  of  2.0  dB  or  less. 

A  balanced  mixer  configuration  is  preferred  for  several 

reasons: 


(1)  Efficient  use  of  LO  power.  All  the  LO  power  (and 
the  signal  power)  ultimately  reach  the  diodes.  This  results  in  an  overall 
improvement  in  conversion  efficiency,  requiring  less  LO  power  than  the 
single  diode  configuration. 

(2)  Low  VSWR's  over  wide  frequency  ranges.  Reflec¬ 
tions  at  the  diodes,  where  a  3  dB  coupler  is  used  as  the  coupling  mechan¬ 
ism  are  propagated  out  the  other  input  arm.  This  will  result  in  relatively 
poor  isolation  between  input  arms,  and  impedance  match  at  each  diode 

is  important  to  insure  high  isolation  (20-30  dB)  plus  low  VSWR. 

(3)  Local  Oscillator  Noise  Suppression,,  The  use  of  90 
degree  differential  phase  shift  hybrids  and  reverse  polarity  of  one  diode 
with  respect  to  the  other  allows  suppression  of  LO  noise  components  at 
the  IF  output,  while  the  IF  components  add  in-phase.  Additionally,  strip 
line  couplers  and  short  slot  hybrids  in  waveguide  lend  themselves  to  very 
compact  balanced  mixer  assemblies. 

The  parametric  amplifier  output  is  supplied  to  a  low-noise 
mixer /preamplifier  combination  and  mixed  with  a  local  oscillator  fre¬ 
quency  to  produce  a  70  MHz  center  frequency  output.  The  RF  to  IF  gain 
is  50  dB  _+  3  dB,  and  the  input  noise  figure  (single  side -band)  is  less  than 
8  dB,  using  no  low  noise  amplification  prior  to  the  mixer.  The  input 
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passband  is  in  excess  of  50  MHz  at  8  GHz,  with  a  20  MHz  (1  dB)  passband 
at  the  70  MHz  output  terminals. 

The  saturated  output  power  is  +10  dBm  minimum,  result¬ 
ing  in  a  -70  dBm  in-band  saturation  level  for  the  overall  system.  Local 
0  3  cilia  tor  power  required  is  +3  dBm,  in  the  frequency  range  7.93  GHz 
_r  25  MHz.  The  50  MHz  LO  and  RF  bandwidth  will  allow  any  20  MHz  in  the 
RF  passband  to  be  translated  to  a  center  frequency  of  70  MHz  by  changing 
the  LO  frequency.  Amplitude  variations  are  less  than  +  0.  3  dB  over  the 
20  MHz  output  bandpass  and  all  internally  generated  spurious  signals  at 
the  output  are  at  least  60  dB  below  the  desired  output  signal  level. 

h.  Demodulator  Subsystem 

The  Single  Channel  Monopulse  Tracking  Receiver  demodu¬ 
lator  operates  on  the  incoming  RF  carrier  at  70  MHz  center  frequency 
and  delivers  baseband  or  multiplexed  information  plus  elevation  and 
azimuth  error  signals  to  the  erminal  equipment  and  servos,  respectively. 
Figure  12  shows  the  basic  operation  of  the  demodulator. 

The  demodulator  accepts  the  70  MHz  signal,  converts  it 
down  to  21.4  MHz  using  a  mixer  with  a  local  oscillator  injection  signal 
from  a  Voltage  Controlled  Oscillator  (VCO).  The  21.4  MHz  signal  is 
then  amplified  and  filtered  in  a  filter  whose  passband  is  tailored  to  the 
information  bandwidth.  The  signal  is  centered  in  the  filter  passband  by 
the  AFC  circuitry,  which  controls  the  frequency  of  the  43.6  MHz  VCO. 

The  filter  output  is  fed  to  a  post  amplifier  that  provides  four  outputs,  all 
at  approximately  1  millivolt  into  50  ohms. 

One  output  is  supplied  to  an  AM  detector  for  envelope 
detection  of  the  21.4  MHz  IF  signal.  The  detected  AM  is  supplied  to  the 
AGC  amplifier.  The  amplifier  compares  the  DC  value  of  detector  output 
with  a  preset  voltage  K,  and  any  difference  is  amplified  and  used  as  a 
means  to  control  the  gain  of  the  21,4  MHz  IF  amplifier  to  maintain  the 
detector  output  at  a  constant  value.  The  loop  time  constant  is  set  to 
approximately  1  second. 

Another  output  is  supplied  to  a  21.4  MHz  discriminator. 

The  d; scriminator  output  is  a  DC  voltage  that  is  integrated,  amplified, 
and  men  used  to  control  the  frequency  of  the  VCO. 

The  remaining  two  outputs  drive  two  phase  detectors,  one 
in  the  phase  lock  loop,  and  another  that  develops  the  error  modulation 
signals  and  a  coherent  DC  voltage  that  is  used  to  indicate  a  locked  con¬ 
dition  in  the  demodulator.  The  upper  phase  detector  output  drives  a  DC 
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amplifier  and  filter  whose  output  is  used  to  control  the  21.  4  MHz  VCO. 

The  filter  output  is  proportional  to  the  frequency  deviation  of  the  21.4 
MHz  carrier  and,  therefore,  provides  the  FM  data  output  to  baseband 
amplifier.  The  lower  phase  (synchronous)  detector  is  driven  in  quadrature 
with  the  upper  phase  detector  and  acts  as  an  amplitude  detector  when  the 
loop  is  locked.  The  synchronous  detector  output  is  supplied  to  four 
different  locations: 

One  output  of  the  synchronous,  or  coherent  detector,  is 
supplied  to  a  DC  amplifier  where  the  DC  component  is  compared  to  a 
preset  voltage  K,  and  the  difference  amplified  and  used  to  drive  the  lock 
indicator. 


Another  output  is  fed  to  the  phase  lock  detect  and  sweep 
stop  circuitry,  to  disable  the  AFC  sweep  circuitry  whenever  the  loop  is 
locked.  The  sweep  remains  disabled  for  a  period  of  about  four  seconds 
after  lock  is  lost,  due  to  an  input  from  the  signal  detector  circuitry.  This 
technique  allows  for  momentary  loss  of  signal  without  the  AFC  sweep  being 
activated. 


The  remaining  two  outputs  from  the  synchronous  detector 
are  fed  to  the  pointing  error  detectors.  These  detectors  are  also  fed  from 
the  Q  function  generating  equipment  that  drives  the  scanner.  Whenever 
the  proper  synchronization  is  achieved,  one  error  detector  output,  after 
low  pass  filtering,  is  the  normalized  elevation  error  signal  and  the  other 
detector  output  provides  the  azimuth  error  signal  to  the  servo  equipment. 


The  AGC  loop  is  basically  defined  by  its  time  tant  and 
dynamic  range.  Since  the  principal  variation  in  signal  !•  —  used  by 

a  non- synchronous  satellite  from  horizon  to  horizon,  »  dynamic 

range  is  not  required.  A  40  dB  AGC  range  will  suffic,  '  wide 

range  of  signal  levels  which  may  ultimately  be  expected,  A  fast  AGC 

is  not  required  to  avoid  saturation  and  since  a  slow  AGC  is  vi  ule  to 

acquisition,  an  AGC  time  constant  in  excess  of  0,  5  seconds  iu  rded. 


i.  Q-Function  Generator 

The  Q-Function  generator  is  required  to  develop  orthogonal 
sampling  signals.  The  sampling  signals  are  used  to  drive  the  ferrite 
scanner,  where  the  multiplexing  is  accomplished,  and  to  drive  error 
detectors,  where  the  final  demodulation  is  accomplished.  In  the  present 
case,  the  generator  is  required  to  develop  four  pulsed  waveforms,  equally 
spaced  from  each  other.  The  basic  repetition  rate  can  be  set  somewhat 
arbitrarily.  In  the  present  system,  a  25  to  30  Hz  rate  is  selected.  The 
rate  must  be  much  greater  than  the  servo  bandwidth  (1  Hz)  and  less  than 
the  lowest  information  rate  (300  Hz)  to  avoid  potential  crosstalk  problems. 


One  final  consideration  is  to  avoid*  when  possible,  subharmonics  of 
power  line  frequencies,  since  hum  would  cause  error  signals  to  be 
generated  in  a  power  line  coherent  system.  The  Q-function  generator 
should  also  incorporate  a  timing  or  phase  adjustment  to  compensate 
for  the  propagation  delays  through  the  scanner  and  receiver.  This 
variable,  a  one-time  adjustment,  insures  that  orthogonal  demodulation 
is  accomplished,  thereby  avoiding  crosstalk  between  azimuth  and  eleva¬ 
tion  channels. 

4.  EQUIPMENT  DESIGN 

a.  Satellite  Communication  terminals  are  generally  required 
to  transmit  and  receive  circular  polarization.  To  obtain  this  polarization, 
a  device  called  a  polarizer  is  inserted  between  the  dupiexer  and  the  feed 
horn.  A  four  polarizer  combination,  one  for  each  feed,  is  needed  in  the 
present  case.  An  axial  ratio  of  les3  than  1  dB  across  the  receive  band 
can  be  achieved  with  the  polarizer.  The  duplexing  and  polarizing  functions 
can  be  combined. for  systems  having  two  way  capability  (transmission  as 
well  as  reception).  The  transmit  port  should  be  isolated  at  least  30  dB 
from  the  receiver  port.  If  one  way  capability  is  desired,  the  dupiexer  may 
be  omitted  and  the  comparator  is  attached  directly  to  the  polarizer. 

The  comparator  and  feed  horn  are  connected  to  the  duplexer- 
polarizer  combination  to  form  the  complete  feed  assembly.  The  VSWR 
can  be  maintained  less  than  1.  1  at  both  transmit  and  receive  ports  across 
the  band. 


Typical  sum  and  difference  patterns  for  a  15  foot  parabolic 
diah  at  8  GHz  is  shown  in  Figure  13.  The  3  dB  beamwidth  is  approximately 
0.57  degrees,  and  the  gain  is  50  dB  relative  to  isotropic.  The  null,  or 
bore  sight  will  shift  for  any  unbalance  in  the  pre  comparator  arms  but  this 
unbalance  can  be  specified  and  calibrated  to  be  less  than  0.  1  dB  across  the 
receive  band.  The  sum  and  difference  patterns  are  both  plotted  on  the  same 
ordinate  scale.  The  relative  on-axir.  difference  slope  can  be  computed 
from  Figure  13,  and  is  approximately  given  by 

SA*  (°)  0,1 

Mr(0)  = _  = _ =  1. 77  per  degree 

S^.  (0)  0.0565  deg 

b.  Scanner 

The  scanner,  shown  schematically  in  Figure  14,  uses  two 
folded  magic  tees  with  the  parallel  arms  connected  by  two  identical  0C  to 
180°  differential  digital  latching  ferrite  phase  shifters.  The  two  difference 
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signals  are  fed  to  the  E  and  H  arms  of  the  first  hybrid  and  switched  se¬ 
quentially  by  the  phase  shifters  to  the  output  arm  of  the  second  hybrid.  The 
output  signal  is  a  square  wave  sampling  of  the  two  difference  signals  pro¬ 
viding  sequential  lobing  of  the  antenna  beam. 

A  Ferrite  Scanner  developed  for  a  similar  terminal  uses  +28 
V  DC  for  the  driver  power  and  four  trigger  pulse  inputs,  one  for  each  state 
of  each  phase  shifter.  Since  ferrites  are  temperature  sensitive  and  the 
unit  would  be  used  over  a  typical  temperature  range  of  -25°F  to  +  150°F, 
the  ferrite  portion  of  the  scanner  is  thermally  insulated  from  the  hybrid 
tees  and  temperature  controlled  at  +150°F  +  5°F.  The  power  used  to  tem¬ 
perature  control  the  scanner  is  120  V  400  cycle  AC,  but  the  unit  also 
operates  with  60  cycle  pbwer.  The  scanner  is  completely  militarized  and 
has  a  calculated  MTBjt  of  500,000  hours.  Operation  characteristics  are 
given  in  Table  6. 

c.  Directional  Coupler 

A  standard  waveguide  directional  coupler  with  10  dB  coupling 
and  20  dB  directivity  can  be  used.  Connecting  lines  in  the  system  are  WR  137 
waveguide  using  CPR  137  flanges.  Lines  should  be  capable  of  pressurization 
with  1  psig  of  dry  air.  The  coupler  should  be  compatible  with  these  interface 
requirements. 

d.  Receive  Filter 

As  discussed  earlier,  the  receive  filter  is  used  to  provide  the 
receiver  with  adequate  image  rejection.  For  a  passband  at  8  GHz  +  25 
MHz  and  using  low  side  injection  with  a  70  MHz  IF,  the  image  band  is  7.86 
GHz  +  25  MHz.  Thus,  the  filter  must  pass  frequencies  in  the  range  7975- 
8025  MHz  wit!  as  low  insertion  loss  as  possible,  and  reject  frequencies 
in  the  band  7835-7885  MHz  at  least  60  dB.  The  low  insertion  los3  is  re¬ 
quired  to  avoid  system  noise  degradation,  since  each  0. 1  dB  loss  Will  add 
approximately  7°K  to  the  overall  system  noise  temperature.  The  filter  is 
a  7  cavity  direct  coupled  0.02  dB  ripple  Chebyshev  filter.  The  unit  is 
electroformed  out  of  copper  with  all  inside  surfaces  gold  flashed  to  reduce 
loss. 


The  measured  rolloff  characteristic  of  a  breadboard  7 
cavity  filter  suitable  for  use  in  this  design  is  sh'.-'n  in  Figure  15,  and  the 
VSWR  in  Figure  15.  The  actual  filter  stopband  in  :his  case  extends  below 
7835  MHz  and  the  rejection  exceeds  60  dB  at  7885  MHz.  As  shown  in 
Figure  16,  the  VSWR  is  less  than  1.05  in-band.  The  insertion  loss  is 
approximately  0.  2  dB  at  8.  0  GHz  and  less  than  0.  4  dB  at  the  lower  band 
edge.  Further  optimization  of  this  unit  would  allow  tne  maximum  in-band 
loss  to  be  less  than  0.2  dB. 
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gure  16.  VSWR  vs  Frequency  of  7  Cavity  Waveguide  Filter 


TABLE  6 


FERRITE  SCANNER  OPERATING  CHARACTERISTICS 


Frequency  Range: 
Insertion  Loss: 
Phase  Shift: 


Isolation: 


8  GHz  +  25  MHz 

less  than  1.  0  dB 

0°  to  180°  latching  per 
phase  shifter 

Input  to  output,  20  dB  minimum, 
for  the  unde  sired  signal  input 


Variation  in  Overall  Phase  Shift  Between 
Assemblies: 

Input  Power: 

Hybrid  Characteristics: 


Unbalance : 

Drive  Requirements: 


+_  20°  maximum 

28  V  DC,  +  0.028  V, 

I  watt  maximum 

Folded  H  plane 

VSWR,  E-arm:  1,10  maximum 
VSWR,  H-arm:  1.  10  maximum 
Isolation,  E  and  H  arms:  40  dB, 
minimum 

Isolation,  Parallel  arms:  25  dB, 
minimum 

0.  10  dB  maximum 

Each  phase  shifter  is  two  wire, 
with  aO  to +12  +  3  volt  pulse 
of  10  microsecond  duration  to 
switch  from  one  state  to  another. 
One  line  for  0°  state,  and  one  line 
for  180°  state. 


The  drive  pulse  has  the  following  characteristics: 
(See  Page  2  of  Table  6} 
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Preamplifier 


The  basic  approach  selected  for  the  preamplifier  is  a  single  - 
ended  one  -port  difference  frequency  amplifier.  The  single-ended  approach 
is  chosen  to  meet  the  low -noise  requirement  at  lower  pump  powers  and 
provide  a  fixed  tuned  bandwidth.  Figure  17  shows  the  block  diagram  of  the 
amplifier  and  remote  controls.  The  amplifier  consists  of  two  cascaded 
amplifier  modules  each  integrated  with  three  circulators,  pump  circuitry 
components,  and  remote  controls.  Bias  to  each  amplifier  is  injected 
separately  through  tees  in  the  RF  line  after  each  amplifier  module  to  permit 
individual  and  independent  adjustment  of  each  stage.  A  DC  blocking  capaci¬ 
tor  isolates  the  individual  stages,  while  a  low  pass  filter  is  used  between 
stages  to  provide  additional  filtering  to  the  idler  and  pump  frequencies. 
Pump  power  is  sampled,  detected  and  compared  to  a  DC  reference  voltage 
K.  The  difference,  or  error,  is  amplified  in  a  DC  amplifier  and  used  to 
control  the  attenuation  in  the  pump  line.  Thus,  constant  pump  power  is 
supplied  to  each  diode.  The  leveling  circuitry  is  provided  in  one  integrated 
module . 


Temperature  stabilization  is  used  to  insure  stability  over  the 
entire  temperature  range  using  heaters  and  thermostats.  The  thermostats 
are  set  to  maintain  the  enclosure  at  a  temperature  (120°F)  near  the  upper 
end  of  the  operating  range.  For  ambient  temperatures  above  120°F  the 
heating  circuitry  is  disabled.  Air  is  circulated  in  the  enclosure  by  a  blower. 
Air  circulation  is  disabled  at  low  temperatures  (below  30°F)  to  avoid  un¬ 
necessary  losses  through  the  enclosure  walls.  Temperature  stabilization 
is  used  mainly  to  prevent  changes  in  varactor  contact  potential,  pump  power, 
and  frequency.  A  summary  of  the  amplifier  performance  requirements  is 
listed  in  Table  7. 

f.  Local  Oscillator 

The  local  oscillator  consists  of  a  low  frequency  crystal  con¬ 
trolled  oscillator  followed  by  a  multiplier.  These  components  will  be 
described  separately  in  following  paragraphs. 

(1)  Oscillator  Design.  The  oscillator  design  approach 
uses  a  dual  proportional  control  oven  to  provide  frequency  stability  over  the 
temperature  range,  and  solid  state  circuitry  to  multiply  the  oscillator  output 
to  the  desired  frequency.  The  outer  oven  operates  at  70°C  and  the  inner 
oven  at  75°C  to  provide  heat  transfer  from  inside  to  outside  at  the  highest 
ambient  operating  temperature.  The  ovens  require  15  watts  of  DC  power  at 
turn-on  and  the  warmup  time  is  approximately  20-25  minutes  at  the  lowest 
operating  temperatures.  Power  required  after  the  warmup  period  is  about 
5  watts.  The  oscillator  itself  uses  a  basic  25  MHz  fifth  overtone  crystal. 

The  crystal  drive  is  chosen  to  optimize  stability  and  noise  characteristics. 
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TABLE  7 


PARAMETRIC  AMPLIFIER  OPERATIONAL  CHARACTERISTICS 


Input  Frequencies: 
Passband: 

Overall  Gain: 


8  GHz  +  25  MHz 

50  MHz  minimum  at  1  dB  points 
30  dB  minimum,  35  dB  maximum 


Tunability: 

Noise  Temperature: 


Dynamic  Range: 


Fixed  Tuned 

100°K  at  290°K  ambient  temperature. 

The  noise  temperature  will  degrade  to 
117°Kat  339°K  ambient.  These  temper¬ 
atures  are  in  the  presence  of  a  source 
VSWR  of  2.  0: 1  and  at  any  phase 

-40  dBm  in-band  at  0.  5  dB  gain 
compression  or  less 


Susceptibility  to  Out-of-Band 

Frequencies:  The  amplifier  is  unaffected  by  -20  dBm 

signals  500  MHz  out-of-band 

Amplitude  Response:  The  amplitude  variation  is  less  than 

+^0.2  dB/10  MHz  over  the  passband. 

The  response  does  not  vary  more  than  +_  0.  5 
dB  over  the  entire  passband, 

VSWR:  Input  and  Output,  1.5:1  maximum.  All 

performance  requirements  are  met  when 
the  amplifier  is  driven  from  a  source 
with  VSWR  =2.0:1  in  WR  137  waveguide, 
and  driving  a  50  ohms  (VSWR  =  2.0:1 
load  in  coax  (RG  214/U). 


(See  Page  2  of  Table  7) 
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TABLE  7 


Primary  Power: 


Reliability: 


Air  Leakage: 


Operating  Temperature: 


(Page  2) 

208  volts  +_  5%,  3  phase  400  _+  12  Hz 
4  wire  200  watts  maximum  at  a  power 
factor  of  0.85  or  higher 

The  equipment  has  a  MTBF  (Mean  Time 
Between  Failure)  of  10,000  hours 

Less  than  1  cc/hr  under  1  lb.  psig  at 
input,  output  or  both.  The  amplifier 
will  withstand  10  psig 

Air  temperature  from  -30°F  for  periods 
of  3  days,  to  +150°F  for  four  (4)  hour 
periods  daily 


Non-Operating  Temperature: 


RFI: 

Relative  Humidity: 


Continuous  exposure,  air  temperature 
from  -80°F  for  24  hour  periods,  to 
+  155°F  for  24  hour  periods 

MLL-I- 11748  for  Class  I  equipment 

5%  at  air  temperatures  of  +150°F 
97%  at  temperatures  of  85°F  with 
condensation  below  85°F 


Elevation: 

Operating: 
Non- ope  rating: 

Vibration: 


Up  to  10,000  feet  above  sea  level 
Up  to  40,000  feet  above  sea  level 

5-55  Hz  0.03  inch  double  amplitude 
55-500  Hz  +  5  G 


Remote  Controls  and  Indicators:  Run  time  monitor,  pump  power  monitor, 

beam  and  repeller  voltage  test  points, 
gain  and  frequency  adjust.  ON-OFF 
switch,  bias  voltage  and  attenuator 
current  test  points,  and  system  voltage 
meter  with  test  selector  switch 


(See  Page  3  of  Table  7) 
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TABLE  7 


Connectors: 


Size  and  V.' eight: 


The  oscillator  output  is  multiplied  in  a  X5  multiplier  with 
the  circuitry  outside  the  oven,  and  the  multiplier  output  is  supplied  to  a 
narrowband  crystal  filter  centered  at  the  output  frequency.  Sufficient 
interstage  filtering  is  used  to  suppress  the  nearest  harmonic  at  least  80 
dB  below  the  desired  output  level.  The  oscillator  unit  has  the  operational 
characteristics  listedin  Table  8. 

(2)  Multiplier 

The  X64  multiplier  requires  an  input  signal  in  the 
range  123-125  MHz,  approximately,  and  provides  a  CW  signal  in  the 
frequency  range  7.930  GHz  _+  25  MHz  at  a  level  of  +10  dBm,  minimum 
over  the  operating  temperature  range  -30°F  to  150°F.  The  design  uses 
two  doublers  in  a  transistor-amplifier-multiplier  module,  and  two  step 
recovery  diodes,  each  providing  X4  multiplication,  in  a  diode  multiplier 
module.  Successive  interstage  filtering  is  used  to  provide  at  least  80  dB 
rejection  to  the  nearest  harmonic.  The  multiplier  has  the  operational 
characteristics  listed  in  Table  9. 

g.  Mixer- Preamplifier 

The  mixer  design  utilizes  a  balanced  configuration  with  the 
signal  input  and  LO  inputs  on  opposite  sides  and  orthogonal  to  each  other. 

The  configuration  is  normally  referred  to  as  "crossbar",  and  its  main 
advantage  is  in  size  and  weight. 

The  crossbar  configuration  performs  much  as  a  magic  tee, 
with  the  LO  and  signal  inputs  isolated  from  each  other  similar  to  the  E- 
and  H-piane  arms  on  the  tee.  The  diodes  are  mounted  in  the  parallel  arms 
of  the  tee  in  their  respective  holders.  Both  signal  and  LO  ports  are  coaxial 
(type  "N"  female)  and  the  IF  output  is  coax  to  the  preamplifier  input.  The 
mixer  uses  two  matched  Schottky  barrier  gallium  arsenide  diodes. 

The  IF  amplifier  utilizes  6  stages  of  amplification  each 
providing  approximately  8  dB  of  gain.  Each  stage  has  predictable 
variations  with  temperature  using  highly  reliable  planar  epitaxial  silicon 
transistors.  Also,  the  overall  unit  is  temperature  compensated  to  provide 
stable  operation  from  -30°F  to  150°F.  The  mixer-preamplifier  performance 
characteristics  are  listed  in  Table  10. 

h.  Demodulator  Subsystem 

(1)  Input  Filter.  The  input  filter  is  used  to  reject  out-of- 
band  signals  present  at  the  demodulator  input  and  prohibit  the  48.6  MHz 
VCO  from  leaking  out  the  input  terminals.  For  a  filter  3  dB  bandwidth  of 
4  MHz,  a  3  section  Butterworth  filter  will  reject  the  48.  6  MHz  sigtal 
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TABLE  8 


OSCILLATOR  OPERATIONAL  CHARACTERISTICS 


Frequency: 
Frequency  Stability: 


Residual  FM: 


Output  Level: 


123-125  MHz 

1/10®  per  24  hours  and  1/10^  per  15 
minutes.  This  stability  is  provided 
at  any  temperature  within  the  operating 
temperature  range.  The  temperature 
may  change  to  any  other  temperature 
within  the  operating  temperature  range 
and  the  stability  shall  not  exceed  that 
specified  above. 

The  FM  noise  in  the  output  is  less  than 
15  Hz  rms  in  a  300  Hz  to  10  kHz  band 
each  side  of  the  carrier  when  the 
oscilla  .or  output  frequency  is  multiplied 
to  10  GHz  and  measured  there. 

+  13  dBm,  -0  dB,  +2  dB  into  50  ohms 
(VSWR:  1.  5:1  ever  operating  tempera¬ 
ture  range. 


Spurious  and  Harmonics: 


All  spurious  output  frequencies  are  at 
least  80  dB  below  the  signal  output 
level  (a  spurious  is  any  frequency  other 
than  the  output  frequency  and  its 
harmonics).  Harmonics  of  the  output 
frequen  cy  are  at  least  40  dB  below  the 
output  signal  level. 


Connectors: 


Type  "TPS"  female' 

Power,  Cannon  DEH-9P-20-1 


Power  Required: 


Warmup  Time: 


+28  V  DC,  1%  regulation  and  1  millivolt 
rms  ripple. 

The  output  frequency  stability  is  within 
specification  within  30  minutes  after 
oven  and  osc  lator  circuitry  are  activated 
simultaneously  at  ctny  operating  temperature 
in  the  temperature  range. 


(See  Page  2  of  Table  8) 
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Frequency  Adjustment:  The  output  frequency  is  adjustable  to 

compensate  for  drift  over  a  5  year 
period. 

130,000  hours,  MTBF 
-30°F  to  +150°F 

5  G's  in  three  perpendicular  planes 
for  11  ms. 

Non-Operating  Vibration:  5-55  Hz,  C.03"  double  amplitude 

55-500  Hz,  5  G's 


Reliability: 

Operating  Temperature  Range: 
Shock: 


TABLE  9 


X64  MULTIPLIER  OPERATIONAL  CHARACTERISTICS 


Output  Frequency  Range:  7.93  GHz  +  25  MHz 

Multiplication  Factor:  X64 

Input  Level:  +10  dBm  ±  3  dB 

Output  Level:  The  output  level  is  adjustable  from  0 

to  +10  dBm  at  any  output  frequency  in 
the  range  7,  930  GHz  +  5C  MHz  and  at 
any  temperature  in  the  operating 
temperature  range  for  a  constant  input 
signal  level. 

Input  and  Output  Impedance:  50  ohms,  VSWR  less  than  1. 3:1 

Output  Level  Variation:  +  2  dB,  maximum,  as  the  input 

frequency  at  a  constant  level  is  tuned 
to  cover  the  output  frequency  range  at 
a  constant  temperature. 

Load  Characteristics:  The  multiplier  delivers  the  output 

level  into  50  ohms  with  a  maximum 
VSWR  of  1.5:1. 

Output  Attenuator:  An  uncalibrated  attenuator  with  a 

minimum  r?mge  of  10  dB  continuously 
adjustable  is  provided  to  set  the  output 
level. 

Spurious  and  Harmonics:  All  spurious  signals  in  the  output 

frequency  range  are  80  dB  or  more 
below  the  desired  output  level.  All 
spurious  signals  outside  the  output 
frequency  range  are  60  dB  or  more 
below  the  desired  output  level.  Har¬ 
monics  of  the  output  frequency  are  40 
dB  or  more  below  the  desired  output 
level.  (A  spurious  is  any  frequency  other 
than  the  output  frequency  or  it  harmonics). 

{See  Page  2  of  Table  9) 


TABLE  9 


Noise: 


Stability: 

Power: 

Operating  Temperature: 
Reliability: 

Connectors: 


(Page  2) 


AM  noise  in  the  output  is  70  dB  or  more 
below  the  output  rignal  level  in  a  20  kHz 
band  centered  on  the  output  frequency 
FQ,  excluding  the  band  F0  +  300  Hz. 

FM  noise  in  the  output  is  less  than  4  Hz 
rms  in  a  300  Hz  to  10  kHz  band  each 
side  of  Fc. 

The  multiplier  is  unconditionally  stable 
for  any  source  or  load  VSWR  at  all 
frequencies. 

+28  V  DC,  10  watts  1  mv  rms  ripple, 

1%  no  load  to  full  load  regulation. 

-30°F  to  150°F 

75,000  hours  MTBF 

Input:  TPS  female 
Output:  Type  "N"  female 
Power:  Cannon  Dem-9P 


TABLE  10 


MIXER -PREAMPLIFIER  CHARACTERISTICS 


Noise  Figure: 

8  dB,  maximum,  including  a  2.0  dB 

IF  noise  figure 

Input  Frequency: 

8  GHz  +  25  MHz 

LO  Frequency: 

7.93  GHz  +  25  MHz 

LO  Power: 

+  3  dBm,  +5,  -3  dB 

LO  Isolation: 

20  dB,  minimum,  at  input  and  output 
ports 

RF  to  IF  Gain: 

50  +  2  dB 

Gain  Variation: 

+  3  dB,  over  temperature -range 
-30°F  to  150°F 

RF  BW: 

20  MHz,  minimum,  at  1  dB  points 

80  MHz,  maximum,  at  60  dB  points 

Dynamic  Range: 

+  10  dBm  at  the  output  for  ''ess  than  0.  5 
dB  gain  compression 

VSWR: 

Input:  1.2/1  maximum,  50  ohms 
Output:  1.2/1  maximum,  50  ohms 

LO:  1.5/1  maximum,  50  ohms 

Spurious  Response: 

All  internally  generated  intermodula¬ 
tion  and  spurious  responses  in  the 
output  bandpass  70  +  10  MHz  are  60  dB 
or  more  below  the  desired  output  level, 
when  the  input  unmodulated  CW  signal 
level  is  -50  dBm  or  less 

Operating  Temperature  Range: 

30°F  to  1 50°F 

Shock: 

25  G's  in  three  perpendicular  planes 
for  11  ms 

(See  Page 

2  of  Table  10) 
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TABLE  10 


(Page  2) 


Non-operating  Vibration: 


5-55  Hz,  0.03"  double  amplitude 
55-500  Hz,  5  G 


Connectors: 


Reliability: 

Power  Requirements: 


Input:  Type  "N"  female 
Output:  TPS  female 
LO:  Type  "N"  female 

40,000  hr s.  MTBF 

400  mw  at  28  V  DC  10  mv  ripple 
(rms)  1%  regulation  no  load  to  full 
lead 
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approximately  100  dB.  Third  order  components  at  frequencies  27.2  and  91.4 
MHz  generated  in  the  mixer  are  attenuated  at  least  90  dB.  The  filter  has  an 
impedance  level  of  50  ohms,  and  uses  high  Q  inductors  and  capacitors  tc 
provide  near  optimum  response.  The  insertion  loss  is  less  than  3  dB. 

(2)  Mixer.  The  mixer  uses  a  70  MHz  input  amplifier,  a 
48.6  MHz  buffer  amplifier,  a  balanced  mixer,  and  a  21.4  MHz  output  buffer 
amplifier.  Each  amplifier  is  a  single  common  emitter  stage.  The  input 

70  MHz  amplifier  is  matched  to  50  ohms  over  a  wide  frequency  range  to 
preserve  the  input  filter  response.  The  balanced  mixer  uses  diodes  in  a 
"ring"  configuration  to  provide  large  signal  handling  capability  with  a  linear 
response.  The  mixer  has  a  conversion  loss  of  10  dB.  The  total  overall 
gain  of  the  mixer  is  0  dB,  as  the  amplifier  gains  compensate  for  the  mixer 
conversion  loss.  The  48.6  MHz  buffer  amplifier  has  10  dB  gain  to  supply 
+  10  dBm  LO  power  for  the  mixer  drive. 

(3)  48.  6  MHz  VCO.  The  48.  6  MHz  VCO  is  controlled  in 
the  manual  mode,  from  a  front  panel  control,  or  by  the  sum  of  the  manual 
input  and  voltage  out  of  the  AFC  /Sweep  integrator  in  the  AFC  mode.  The 
oscillator  uses  a  Colpitts  circuit  with  a  varactor  as  the  tuning  element.  The 
tuning  sensitivity  is  50  kHz /volt  _+  5%.  Thus,  a  sawtooth  of  +  3  volts  will 
provide  +_  150  kHz  sweep.  The  frequency  stability  is  +_  1(  10""^) /°C.  Low 
temperature  coefficient  components  are  used,  together  with  temperature 
compensation. 

(4)  21.4  MHz  IF  Preamplifier.  The  21. 4  MHz  IF  pre¬ 
amplifier  provides  the  gain  control  in  the  SCMTR,  and  has  a  minimum  of 
40  dB  AGC  range.  The  amplifier  has  50  dB  of  available  gain  and  a  3  dB 
bandwidth  of  4  MHz.  The  AGC  is  set  to  provide  0  dBm  at  the  amplifier 
output  on  noise  alone,  and  is  linear  for  a  signal-plus-noise  output  level 
up  to  0  dBm.  The  amplifier  uses  6  stages  of  gain,  with  the  first  five 
gain- controlled  to  provide  a  linear  gain  versus  bias  characteristic.  The 
last  stage  operates  as  a  linear  amplifier  with  fixed  gain  to  drive  the  IF 
filter.  The  linear  characteristic  allows  the  signal  strength  meter  to  be 
calibrated  in  dB,  and  makes  the  loop  dynamics  independent  of  initial  con¬ 
ditions. 


(5)  21.4  MHz  IF  Filter.  The  IF  bandpass  filter  provides 

the  function  of  setting  the  SCMTR  predetection  bandwidth.  To  accommodate 
an  8  kHz  baseband  signal  with  modulation  index  of  10,  at  least  175  kHz 
of  IF  bandwidth  is  required.  To  provide  margin,  and  optimum  amplitude 
and  phase  characteristics  over  the  information  spectrum,  a  500  kHz  IF 
bandwidth  is  provided.  The  filter  bandwidth  will  reduce  the  noise  level 
9  dB  at  its  output  to  a  value  of  -9  dBm  (with  a  0  dBm  cutput  from  the  21  4 
MHz  IF  preamplifier).  The  filter  is  a  4  pole  linear-phase  filter. 
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(6)  21.4  MHz  IF  Post -Amplifier  and  AM  Detector.  The 
primary  function  of  the  IF  pest- amplifier  is  to  provide  sufficient  level  at 
each  of  its  outputs  to  drive  the  various  circuits  which  follow.  Each  out¬ 
put  is  at  a  level  of  0  dBm,  requiring  approximately  25  dB  of  active  gain. 
Three  stages  of  gain  supply  +14  dBm  into  a  resistive  power  divider  using 
emitter  degeneration  to  provide  stable  operation  over  the  temperature 
range.  The  transistors  used  in  the  amplifier  are  all  VHF-UHF  silicon 
epitaxial  types  with  low  inter-electrode  capacitances.  The  auxiliary 
output  may  be  used  for  checking  the  gain  of  the  demodulator  or  counting 
frequency.  The  AM  detector  is  a  diode  followed  by  a  simple  RC  filter  to 
provide  linear  envelope  detection.  The  impedance  level  is  200  ohms,  and 
the  DC  output  is  approximately  1  volt.  The  AM  detector  output  is  divided 
and  supplied  to  the  AGC  filter /amplifier,  and  the  signal  detect  circuitry. 

(7)  21.4  MHz  Discriminator.  The  21.4  MHz  discrimina¬ 
tor  is  a  temperature -compensated  LC  unit  with  a  peak- to- peak  bandwidth 
of  2  MHz.  Extra  care  is  required  in  the  design  to  provide  a  symmetrical 
transfer  characteristic  at  its  crossover  frequency  of  21.4  MHz.  This  is 
necessary  to  avoid  an  output  at  low  SNR  which  would  cause  the  VCO  to 
shift  frequency.  An  offset  would  introduce  distortion  if  it  were  sufficient 
to  cause  the  signal  sidebands  to  suffer  unsymmetrical  attenuation  in  the  IF 
filter.  The  temperature  stability  of  the  zero-crossover  is  _+  250  Hz/°C  or 
less,  and  the  sensitivity  i3  5  mv/kHz. 

(8)  AGC  Amplifier.  A  high  gain  integrator  with  capaci¬ 
tive  feedback  is  used  for  the  AGC  amplifier.  The  feedback  is  used  to 
establish  the  0.  5  sec  time  constant,  and  the  high  gain  assures  that  the  IF 
output  voltage  remains  constant  over  the  40  dB  AGC  range.  The  AGC 
amplifier  drives  the  AGC  line  of  the  21.4  MHz  IF  preamplifier  and  the 
signal  strength  meter. 

(9)  21.4  MHz  Phase  Detectors.  Two  21.4  MHz  phase 
detectors  are  provided.  One  is  used  to  operate  the  phase-lock  loop,  and 
the  other  to  provide  a  coherent  DC  output  and  error  signals  for  tracking. 
The  phase  detector  circuit  is  a  full  wave  diode  bridge  with  current  limit¬ 
ing  resistors  in  series  with  each  diode.  Both  signal  and  VCO,  or  re¬ 
ference  signal,  is  amplified  in  a  buffer  amplifier  before  entering  the  phase 
detectors.  The  sensitivity  is  approximately  1.0  volts/radian,  and  the 
inherent  balance  is  adjusted  to  less  than  10  mv. 

(10)  21.4  MHz  Voltage -Controlled  Oscillator  (VCO).  An 

LC  VCO  is  used  for  the  21.4  MHz  oscillator  to  provide  a  wide  tuning 
range  of  _+  150  kHz.  The  design  is  practically  the  same  as  that  used  in 
the  48.6  MHz  VCO.  The  output  is  divided  in  a  resistive  power  divider  to 
supply  the  loop  phase  detector,  coherent  detector,  and  an  auxiliary  rear 
panel  connector  for  monitoring  purposes.  The  VCO  output  is  +10  dBm, 
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and  each  output  of  the  power  divider  is  0  dBm.  The  tuning  sensitivity  is 
200  kHz/volt.  One  output  of  the  re'i^*ive  power  divider  employs  a  quarter 
wavelength  subminiature  coaxial  'ine  to  introduce  90°  of  phase  shift.  This 
output  is  supplied  to  the  coherent  AM  detector. 

(11)  21.  MHz  Loop  DC  Amplifier  and  Filter.  The  loop 
amplifier /filter  combination  is  an  operational  amplifier  with  an  LC  network 
which  controls  the  feedback  around  the  amplifier.  The  amplifier  has  a  DC 
gain  in  excess  of  5000,  a  gain -bandwidth  product  of  20  MHz,  and  an  input 
drift  less  than  20  jiv/°C.  The  design  provides  a  modified  type  2  loop  with 

a  noise  bandwidth  of  approximately  300  kHz. 

(12)  Loop  .Lock  Indicator.  The  output  of  the  coherent 
detector  is  applied  to  a  level  detector.  The  level  detector  is  actually  a 
high  gain  operational  amplifier  connected  as  an  integrator.  The  reference 
for  the  level  detector  is  +  0.  5  volt.  Whenever  thexe  is  a  voltage  above 

+  0.  5  volt  at  the  detector  output,  a  relay  is  closed  and  the  lock  indicator 
light  is  energized  indicating  a  locked  condition.  Also,  the  level  detector 
supplies  an  input  voltage  to  the  phase  lock  detect  and  sweep  stop  circuitry 
to  stop  the  sweep  in  the  AFC  loop. 

i.  Error  Signal  Detector 

The  error  signal  detectors  are  simply  two  phase  -  sensitive 
detectors,  driven  with  quadrature  signals.  The  detectors  operate  in  the 
same  manner  as  the  phase  detector j  described  in  the  previous  section. 

The  operating  frequency  is  approximately  25  Hz  and  rectangular  waves, 
rather  than  sine  waves,  are  used  as  the  reference  signals. 

5.  SUMMARY 

The  previous  paragraphs  have  described  the  pseudo -monopulse 
technique  in  sufficient  detail  to  assure  its  feasibility.  The  basic  errors 
were  analyzed  and  shown  to  be  relatively  small  in  an  operational  environ¬ 
ment. 


The  alignment  required  is  relatively  simple,  with  the  major 
alignment  functions  accomplished  in  the  basic  design.  The  pre comparator 
amplitude  and  phase  alignment  is  identical  with  that  of  a  full  monopulse 
system.  The  key  to  a  wide  band  matched  system  design  is  to  maintain 
both  electrical  and  mechanical  symmetry.  A  simple  post  comparator 
alignment  is  necessary  to  obtain  pure  AM,  with  no  FM,  at  the  scanner 
output.  This  adjustment  is  non-critical  and  can  be  accomplished  by 
nulling  the  FM  component,  monitored  by  the  data  demodulator,  when  a 
CW  input  is  used  with  a  fixed  antenna  pointing  error.  The  remaining 
adjustment  is  a  timing  or  phase  adjustment  of  the  25  Hz  signal  to  prevent 
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crosstalk.  Again,  the  adjustment  is  easily  accomplished  by  nulling  the 
azimuth  error  channel  when  only  an  elevation  pointing  error  exists  and 
vice-versa.  In  practice,  this  error  can  be  made  negligible  by  simply 
adjusting  the  timing  while  monitoring  the  waveforms  on  an  oscilloscope. 

All  alignments  are  one-time  (factory)  adjustments;  periodic  calibration 
is  not  required. 

The  basic  SCMTR  can  be  used  equally  well  with  a  larger  antenna, 
such  as  a  60 -foot  dish.  The  servo  gain  constants  would  be  cnanged,  of 
course,  and  the  acquisition  problem  would  be  made  worse  (although  a 
compensating  effect  occurs  due  to  the  increased  system  sensitivity).  The 
errors  due  to  noise  and  system  unbalances  would  be  reduced  approximately 
in  proportion  to  the  antenna  beamwidth  reduction. 

The  pseudo-monopulse  technique,  then,  is  feasible,  requires  no 
particularly  difficult  alignment  procedures,  is  capable  of  maintaining 
calibration  for  long  period*:  of  time,  and  can  be  used  on  antennas  of  much 
larger  (or  small)  size.  In  short,  pseudo- monopul 9e  is  a  practical, 
generally  applicable ,  SCMTR  technique. 


SECTION  V 


AMS 


1.  INTRODUCTION 

The  AMS  (Automatic  Manual  Simulator)  technique  evolved  as  a 
method  for  simulating  the  actions  of  a  well-trained,  untiring,  human 
operator  in  a  rranual  track  situation.  The  underlying  principles  are, 
therefore,  centered  on  the  details  of  the  manual  track  operation. 

Manual  track  of  a  target  is  generally  accomplished  by  monitoring  the 
receiver  signal  strength  while  manually  positioning  the  antenna.  The 
antenna  is  moved  in  each  axis,  but  one  axis  at  a  time,  in  such  a 
manner  as  to  maximize  the  received  signal  strength. 

In  order  to  obtain  maximum  sensitivity,  the  operator  would  use 
a  linear  receiver,  rather  than  one  with  AGC.  The  typical  ’•scanning" 
operation  is  one  of  slewing  the  antenna  back  and  fortu  and  noting  the 
position  of  peak  signal  strength.  The  scanning  operation  performed  by 
the  operator  is  of  paramount  importance!  Initial  investigations  did  not 
recognize  the  importance  of  the  scanning  operation,  and  a  technique 
was  theorized  which  did  not  require  scanning.  Such  a  system  is  not 
practical,  although  the  technique  of  using  known  or  measurable  antenna 
perturbations  (e.g.  ,  caused  by  wind,  drifts,  cr  noise)  is  theoretically 
possible. 

A  human  operator  can  efficiently  scan  in  only  one  axis  at  a 
time, but  an  automated  system  can  simultaneously  scan  both  axes,  using 
orthogonal  scanning  signals.  The  next  step,  then,  is  to  postulate  a 
two-axis  "back-and-forth"  type  of  scan,  and  recognize  that  a  mechanical 
conical  scan  has  been  defined.  Although  various  orthogonal  waveforms 
could  be  utilized,  sine  waves  (used  to  generate  a  conical  scan)  are 
optimum  in  terms  of  mechanical  stress  for  a  given  sampling  rate. 

2.  AMS  SYSTEM 

A  block  diagram  of  the  AMS  system  is  shown  in  Figure  18.  The 
basic  scanning  is  controlled  by  the  signal  generator.  Two  outputs  from 
the  signal  generator,  a  sine  and  cosine  wave,  are  fed  to  the  basic  servo 
circuitry.  This  servo,  in  general,  is  the  antenna  driving  mechanism 
which  would  normally  be  required  for  a  manual  track  cr  full  monopulse 
autotrack  system.  The  servo,  through  an  appropriate  geartrain,  drives 
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GENERATOR 


the  antenna  in  a  manner  controlled  by  the  commands  from  the  signal 
generator;  i.e, ,  it  performs  a  conical  scan  at  a  rate  determined  by 
the  sine  wave  frequency  and  of  an  amount  (squint  or  crossover  angle) 
controlled  by  the  sine  wave  amplitude. 

The  antenna  requires  only  a  single  feed  (or  the  sum  channel  may 
be  used  when  a  tracking  feed  is  already  on  the  antenna)  and  generates  the 
pointing  error  signal  by  virtu®  of  the  scanning  operation  on  the  mount. 

When  the  antenna  is  pointed  off-bor-iirghi  the  received  signal  is  ampli¬ 
tude  modulated  at  the  scan  frequency,  by  an  amount  dependent  upon  the 
pointing  error,  and  with  a  phase  (*vith  respect  to  the  scan  signal)  de¬ 
termined  by  the  direction  of  error  Thus,  the  information  required  for 
tracking  is  completely  contained  in  the  amplitude  modulation  of  the 
carrier. 

The  signal  enters  the  receiver  and  IF  amplifier  and  is  separated 
into  two  outputs.  One  output  drives  the  communications  demodulator 
and  the  other  drives  an  amplitude  detector.  The  communications  infor¬ 
mation  is  recovered  in  the  former  and  the  tracking  information  in  the 
latter.  The  output  from  the  amplitude  detector  drives  quadrature  phase 
senj’tive  detectors.  These  detectors  can  be  implemented  in  the  same 
manner  as  in  pseudo -monopulse.  Alternatively,  a  nearly  optimum  com¬ 
promise  would  utilize  solid  state  relays  to  accomplish  the  demodulation. 

The  solid  state  relay  technique  may  be  more  desirable  from  a  hardware 
standpoint  due  to  the  very  low  frequencies  involved.  The  basic  principle 
is  to  use  gating  pulses,  synchronous  with  the  zero  crossings  of  the 
scanning  signals,  as  the  reference  signals  in  the  phase  sensitive  detect¬ 
ors.  Careful  balance  of  the  detectors  is  necessary  to  alleviate  the  low 
pass  filtering  problem;  i.e.  ,  to  simplify  the  removal  of  the  scanning 
frequency  and  its  harmonics  from  the  servo  drive  signals.  The  two  signals 
developed  in  the  quadrature  phase  demodulators  are  the  pointing  error 
signals,  which  are  used  to  drive  the  servo  circuitry. 

The  hardware  requirements  of  the  AMS  system,  in  addition  to  the 
basic  single  channel  feed-antenna  -  re  ceive  r  and  servo  system,  are  simply 
to  provide  the  signal  generator,  AM  detector,  and  quadrature  phase 
demodulator.  These  circuits  are  of  conventional  design  and  do  not  re¬ 
quire  particularly  stringent  balance,  a’ignment,  or  other  unusual  care 
in  construction.  The  servo  circuits  rr.ust  be  suitably  modified,  of  course, 
to  accept  the  scanning  signals  and  the  error  signals.  In  most  cases,  this 
requires  only  the  addition  of  summing  resistors  (on  already  existant 
operational  amplifiers)  and  modification  of  time  constants  by  changing 
resistor  and/or  capacitor  values. 
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SYSTEM  LIMITATIONS 


In  order  to  determine  the  practical  system  limitations,  it  was 
necessary  to  investigate  the  scan  frequency  limitations.  This  investiga¬ 
tion  culminated  in  a  one -axis  simulation  of  the  system  on  an  analog 
computer.  A  single  mass  model  of  a  typical  antenna  system  including 
servo  electronics  wa,j  used  in  the  simulation.  A  functional  block  diagram 
of  the  system  is  showr  in  Figure  19.  The  antenna  pattern,  near  bore- 
sight,  was  approximate.’  with  a  cosine  function  as  shown  in  Figure  20. 

This  corresponds  to  a  normalized  half-power  beamwidth  of  90  degrees. 

The  antenna  step  response  was  investigated  for  various  values 
of  scan  frequency,  fs,  to  servo  b"  ndwidth,  BW.  This  was  accomplished 
by  holding  the  servo  bandwidth  and  the  amplitude  of  the  scan  signal 
constant  while  varying  the  scan  irequency.  The  antenna  step  response 
and  error  are  shown  for  fs/BW  =  10  and  5  in  Figure  21.  The  servo 
system  was  found  to  be  unstable  when  the  ratio  fs/BW  was  reduced  to 
4.  The  scanning  frequency  v/hich  is  superimposed  on  the  analog  computer 
response  would  not  be  seen  on  a  two  axis  received  signal;  i.e. ,  in  a 
conical  scan  system  with  no  angular  error,  the  amplitude  modulation 
is  zero.  The  actual  antenna  position  does,  of  course,  exhibit  the  scan 
frequency  characteristic  shown  in  Figure  21  in  both  the  one  axis  and 
two  axis  case. 

Thus,  a  lower  limit  on  the  ratio  fs/BW  is  4  to  5  in  a  practical 
situation.  The  theoretical  or  Shannon  limit  is  a  sampling  rate  of  twice 
the  signal  bandwidth,  for  a  "bandlimited"  signal.  In  the  present  case, 
a  non -bandlimited  signal  exists  due  to  looj  stability  requirements. 
Therefore,  an  important  limitation  of  the  AMS  technique  is  that  a  sampl¬ 
ing  rate  of  at  least  4  to  5  times  the  servo  bandwidth  be  used  to  obtain 
adequate  phase  and  gain  margin  to  support  loop  stability. 

The  maximum  scanning  rate  is  limited  by  the  allowable  wear  on 
the  antenna  drive  system.  The  best  compromise  in  this  regard  is  to 
select  a  scanning  frequency  below  mount  resonance  by  an  amount 
sufficient  to  avoid  the  torque  multiplication  effects  at  resonance.  Thus, 
a  scan  value  of  one-half  the  mount  resonant  frequency  would  generally 
be  a  conservative  selection,  and  a  value  of  0.8  to  0.9  times  mount 
resonant  frequency  could  be  used  in  well-damped  systems. 

The  scan  frequency- servo  bandwidth  values  are  thus  limited  in 
a  practical  case.  A  servo  bandwidth  in  the  order  of  one -tenth  the  mount 
resonance  is  indicated,  with  values  as  high  as  one-fifth  representing 
an  upper  limit.  In  many  situations  this  limit  is  not  of  vital  consequence. 
For  example,  a  servo-antenna  system  capable  of  tracking  low  altitude 
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VOLTAGE  OUT 


Figure  20.  Antenna-Receiver  Off-Axis  Gai 


Figure  21 .  Antenna  Step  Responses  -  One  Axis  Simulation 


(5000  miles  or  less)  satellites  would  easily  be  capable  of  operation  with 
synchronous  and  near- synchronous  satellites  in  the  AMS  mode. 

One  other  limitation  also  exists  in  a  practical  case.  The  basic 
servo  design  was  (probably)  based  on  maximum  torque  requirements  due 
to  wind,  ice,  and  other  factors.  Since  the  scanning  signal  requires 
torque,  the  maximum  torque  limits  could  be  exceeded  were  the  AMS  used 
under  the  worst  case  design  conditions.  Also,  the  torque  required  for 
scanning  increases  in  proportion  to  the  scan  frequency,  a  further  motiva¬ 
tion  for  placing  an  upper  limit  on  the  scan  rate.  It  appears,  then,  that 
as  long  as  the  AMS  is  not  used  under  absolute  worst  case  antenna  loading 
conditions,  the  system  reliability  w ill  not  be  appreciably  reduced. 

4.  SUMMARY 

The  AMS  technique  can  be  easily  implemented  and  is  a  significant 
improvement  over  a  manual  track  system.  A  prime  need  for  this  tech¬ 
nique  is  foreseen  as  a  back-up  system.  That  is,  the  addition  of  the  AMS 
to  existing  auto-track  systems  would  be  easily  accomplished  and  would 
offer  an  additional  tracking  mode  useful  for  nearly  all  situations  which 
the  original  system  was  designed  to  handle. 

The  AMS  could  also  be  used  as  the  prime  tracking  system  when 
equipment  simplification  is  desired.  The  implementation  is  again  relative¬ 
ly  simple,  with  basic  limitations  being  determined  by  the  servo  and 
antenna  drive  systems.  The  receiver  characteristic  should  be  linear 
(not  AGC)  or  an  AGC  with  a  time  constant  much  longer  than  the  scanning 
period.  This  would  result  in  maximum  sensitivity,  and  is  the  recommended 
design,  but  an  AGC  receiver  could  be  used  by  an  appropriate  selection  of 
the  AM  pickoff  point.  The  latter  is  not  recommended  without  a  detailed 
analysis  of  the  effects  of  the  AGC  system  upon  the  overall  tracking  system 
stability  and  sensitivity. 

The  AMS  should  be  particularly  useful  on  lightweight,  transportable 
terminals.  The  technique  is  directly  applicable  for  example,  as  an 
additional  mode  on  terminals  now  in  production  (the  AN/TSC-54).  Modi¬ 
fications  to  the  basic  technique  which  would  improve  system  reliability 
under  certain  operating  conditions  are  possible.  For  example,  when 
target  dynamics  are  slow  (e.g.  ,  synchronous  or  near- synchronous  satellites) 
the  AMS  can  be  timed  to  track  for  a  short  period  of  time  (perhaps  one 
minute)  and  be  disabled  for  a  longer  period  of  time  (ten  to  fifteen  minutes). 

A  more  sophisticated  modification  would  store  the  signal  strength  at  the 
time  tracking  was  disabled  and  automatically  enable  the  AMS  when  the 
signal  strength  decreased  by  a  prescribed  amount.  An  obvious  limitation 
to  the  latter  modification,  and  to  the  basic  technique  for  that  matter,  is  in 
the  normal  fluctuations  in  received  signal  strength.  The  basic  AMS  can  be 
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used  only  when  the  signal  fluctuations  are  different  from  the  scanning 
signals.  Rapid  fluctuations  are  no  more  degrading  than  slow  fluctuations, 
but  only  the  latter  (if  due  to  pointing  errors)  can  be  corrected  with  the 
tracking  system.  Since  the  normal  signal  characteristics  in  a  satellite 
communications  link  vary  at  a  slow  rate,  the  AMS  is  particularly  well 
suited  to  this  application.  The  technique  is  recommended  both  as  a  prime 
tracking  system,  when  equipment  complexity  is  at  a  premium,  and  as  a 
back-up  system  in  more  sophisticated  terminals. 


SECTION  VI 


AN  ANALYSIS  OF  MONOPULSE  ANTENNA  CHARACTERISTICS 

1.  INTRODUCTION 

An  analysis  of  amplitude  and  phase  sensing  monopulse  system  io 
made  in  the  following  sections  in  order  to  compare  their  system  perfor¬ 
mance.  Figures  22  and  23  show  the  general  configurations  of  these 
systems.  Of  primary  interest  is  a  comparison  of  the  maximum  angular 
sensitivity  (difference  mode  slope  at  bore  sight)  of  the  two  types  of  systeme 
each  having  approximately  the  same  gain:  i.e.,  equivalent  aperture  areas. 
This  is  perhaps  the  most  significant  measure  of  monopulse  system  perfor¬ 
mance  since  the  slope  at  the  center  of  the  «ii£ference  pattern  is  a  prime 
factor  in  the  ability  of  a  monopulse  anter  ja  to  accurately  track  a  target. 

Also  of  interest  is  the  gain  at  the  peaks  rf  the  difference  pattern  since  it 
may  affect  the  ability  of  a  monopulse  antenna  to  achieve  angle  lock-on  of 
a  distant  target. 

The  amplitude  sensing  monopulse  system  is  considered  first  and 
foil  <ved  by  an  analysis  of  two  practical  phase  sensing  monopuise  systems, 
comparison  of  the  results  of  these  analyses  is  then  made. 

2.  AMPLITUDE  SENSING  MONOPULSE 

In  order  to  analyze  the  amplitude  monopulse  system,  the  relation¬ 
ship  between  the  far-field  difference  patterns  and  their  corresponding 
aperture  distributions  are  investigated.  In  the  following  analysis  only 
circular  apertures  of  finite  size  are  considered.  Also,  the  phase  of  the 
patterns  and  distribution  functions  will  be  considered  to  remain  constant 
except  for  180  degree  phase  reversals. 

To  calculate  the  radiation  pattern  in  the  Fraunhofer  region,  the 
following  general  expression  is  used 


9(9.*)  =  ff  F<C,  rOejkSln  ettCO"  *  +  I"1"  *>M6  (: 

where  F(£,  “nKs  the  aperture  distribution  normalized  to  a  maximum  value 
of  unity.  Figure  24  shows  the  coordinate  system  corresponding  to  the 
above  equation.  In  considering  the  special  problem  of  a  circular  aperture 
of  radius  a,  it  is  convenient  to  introduce  the  following  variables. 
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General  Coordinate  Sys 


C  =  C/a 


t)  =  r/a 


u  -  kasin  0 


With  these  variables,  g(fl,  $)  transforms  to  g(u,  f)  and  F(C,  ’l) 
transforms  to  f  (C,  *0  •  Using  these  variables  and  the  proper  limits  of 
integration  for  a  circular  aperture,  the  diffraction  integral  becomes: 


g(u,  4) 


l  (l-C3) 

■n 

-1  -(1-Ca, 


f  (C,  rOe 


ju(Ccos?  +  nsinf) 


drtfC 


Only  those  distributions  which  are  independent  of  n  will  be  considered. 
In  addition,  only  the  far -fie  Id  pattern  in  the  principle  plane  of  4  ~  0 
degrees  will  be  discussed.  With  these  constraints  the  diffraction 
integral  may  be  written  as: 


g(u)  =  2a3  J  f  (C)ejUCdC 


In  order  to  simplify  the  relationship,  only  those  distribution 
functions  which  are  even  or  odd  functions  will  be  considered.  The  far- 
field  patterns  resulting  from  even  distribution  functions,  ^  ,  and 

odd  distribution  functions,  (  0  ,  will  be  denoted  by  Sy,(u)  and 


S^(u)  ,  respectively.  For  these  two  cases,  the  diffraction  integral 

becomes : 


si(u> 


=  j  £e(OejUCd< 


Vu> 


I  £o(0ejUCdC 


These  integral  relationships  will  now  be  simplified.  Separating  the 
integrals  into  the  sum  of  two  integral  terms: 


-%8f| 
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SE(u)  =  2a2{  J  ST  fe(C)e3UtdC  +  J  ST  fe(Oe3uCdC} 

o  -1 

1  o 

S4(u)  -2.-1  J  £0(C)ejuCdC  +  J  f  (C)ejuCdCl 


Introducing  the  following  change  of  variable  in  the  second  integral 


terms , 


C  -  -C 
dC  *  -dC 


the  expressions  becomes 


*  j. 

Sj,(u)  =  2aa  {  J  ST  fe(C)ejuCdr  +  J  ST  f0  (- 0 e~jU(dC] 

o  6  o  ' 

1  1 

S  (u)  =  2aa{  J  ./R*  fo(0ejuCdC  +  J  ^/iRa  f  (- Q  e~JuCd C ] 


Making  use  of  the  fact  that; 


fe(C)  =  fe(-o 

fo(0  =  -£„(-£) 


the  above  relationships  become: 


SE(u)  =  2a2  j  ST  fe(r,)CejuC  +  e”3uCldC 


± 

SA(u)  =  2a2  J  ST  fo(0tejuC  -  e"juCldC  . 


These  expressions  may  now  be  written  as: 

1 

Ss(u)  =  4a2  J  fe(C)cos(uC)dC 

°  (28) 

S&(u)  =  j4a2  J  C5  fQ(Oain(uC)dC 
o 


In  order  to  make  a  valid  comparison  of  different  aperture  illumina¬ 
tions,  the  distribution  functions,  ^  ^  an<^  ^  ^  '  must  be  subject 
to  some  constraint  such  as  constant  power(7).  Initially,  the  far-field 
patterns  of  various  distribution  functions  will  be  calculated  by  means  of 
the  above  relationships.  Finally,  these  results  will  be  normalised  to  the 
constraint  of  constant  power  radiated.  The  process  of  normalizing  will 
be  discussed  further  at  that  time. 


It  is  well  known  that  the  maximum  theoretical  gain  of  a  circular 
aperture  antenna  is  obtained  with  uniform  illumination  with  no  spillover. 
This  even  distribution  gives  a  secondary  pattern  characteristic  of  a  sum 
channel  pattern.  This  will  be  calculated  to  provide  a  representative  sum 
pattern  to  which  difference  patterns  can  be  compared.  For  the  uniform 
amplitude  distribution,  f e  (  0  =  1  ,  the  above  diffraction  integral  is 

easily  evaluated.  The  secondary  amplitude  sum  pattern  is  given  by: 


S^,(u)  =  na3Al  (u) 


(29) 


where  I (u)  is  the  first  order  lambda  function. 


The  main  concern  here  is  the  difference  patterns  which  are 
obtainable  with  odd  aperture  distribution  functions.  Only  those  odd 
distributions  which  result  in  real  analytic  functions  for  the  secondary 
amplitude  pattern  will  be  considered.  In  order  to  compare  the  slope  of 
the  difference  pattern  for  two  types  of  monopulse  sensing  systems,  it  is 
desirable  to  have  a  suitable  reference  standard.  It  has  been  stated  that 
the  maximum  theoretical  angular  sensitivity  (difference  mode  slope  at 
bore  sight)  is  obtained  with  a  linear  odd  antenna  aperture  illumination 
having  no  spillover^).  This  maximum  sensitivity  provides  a  suitable 
reference  standard  for  rating  difference  slopes  of  monopulse  antennas. 
Thus,  a  circular  aperture  with  a  normalized  linear  odd  illumination  is 
used  as  a  difference  mode  standard. 

The  far-field  difference  patterns  of  a  circular  aperture  with 
several  different  odd  distribution  functions  have  been  calculated  and  are 
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presented  in  the  following  paragraphs.  These  will  be  normalized  to 
constant  power  later. 


One  odd  distribution  function  which  would  be  of  interest  is  the 
linear  odd  distribution  as  illustrated  in  Figure  25-A.  However,  the 
solution  of  the  diffraction  integral  with  f  ( (!)  =  C  is  net  a  straight¬ 
forward  procedure.  This  integral  will  be°solved  later  with  a  distribu¬ 
tion  function  that  very  closely  approximates  the  linear  odd  distribution 
function.  Of  primary  concern  is  the  bore  sight  slope  of  the  difference 
pattern  rather  than  the  actual  amplitude  pattern.  This  can  be  found 
rather  easily  by  using  the  following  technique.  Reviewing,  for  an  odd 
distribution  f  (Q  Ike  difference  pattern  is  given  by: 


S  (u)  =  j4a3  J  ^  fo(Qsin(uC)dC 
o 


(30) 


The  slope  of  the  difference  pattern  is  giver  by: 

M(u)  =  |d/du[S&(u) ]| 

1 

M (u)  =  4a3  J  Ul-C  fo(0cos(uC)<3C 


(31) 


The  slope  at  bore  sight  is  given  by  the  above  expression  with  u  =  0. 

1 

M(0)  =  4a3  j*  fQ(C)dC 


(32) 


o 


Thus,  for  fo(0  ~ 
slope  becomes: 


M  (0) 
un 


the  unnormalized  on-axis  difference  pattern 


1 

=  4a3  J  CVl-C*  dC 
o 


(33) 


The  evaluation  of  this  integral  is  straightforward  and  the  resulting  bore- 
sight  slope  is: 

Mun(°)  =  ( TT/4)  a3 

Mun (°)  =  • 787a3  ^ 

This  procedure  for  differentating  g(u)  before  it  is  integrated  allows  the 
evaluation  of  the  on-axis  difference  slope  without  having  to  first  evaluate 
the  diffract  on  integral  for  the  far-field  pattern  and  then  evaluating  the 
slope  of  this  function  at  u  =  0. 
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Another  distribution  function  investigated  was  the  uniform  odd 
distribution  as  illustrated  in  Figure  25- E.  This  distribution  is  given  by: 


f0*C)  =1  o  -  C  <  i 

f  ( 0  =  -1  -1  <  c  <  0 

C 


For  this  distribution,  the  diffraction  integral  for  the  £ar-£ield  pattern  can 
be  evaluated.  This  gi  res  the  following  analytic  function  for  the  secondary 
amplitude  pattern. 


1>a(u)  =  j2naaH1  (u)/u 


(35) 


where  Hj{u)  is  the  first:  order  Struve  function.  A  plot  of  this  difference 
pattern  is  shown  in  Figure  26.  To  determine  the  on-axif  slope  of  this 
difference  pattern,  the  technique  used  above  may  be  used  or  the  expression 
for  g(u)  may  be  differentiated  after  it  has  been  integrated.  Beth  methods 
arrive  at  the  same  res:olt.  This  latter  method  will  be  used. 


M(0>  =  |d/du[S?(u)]u  =  Q| 

M  {0)  =  2nasd/du[H1 (u)/u]  _  n 

UP  U  -  U 


(36) 


It  can  be  shown  that  tois  reduces  to: 

M  (0)  =  (4/3) a3 
un 

M  (0)  =  1.333a3 
un 


(37) 


Also  of  interest  is  the  far-field  patterns  resulting  from  sine  curve 
distribution  functions  with  no  spillover.  This  distribution  is  given  by: 

fQ(C)  =  sin(Ul  C)  -1  <  C  <  1 

With  this  distribution  the  diffraction  integral  can  be  evaluated.  The  result¬ 
ing  expression  for  the  secondary  amplitude  pattern  is  given  by: 


SA  (u)  =  jna3  [Ax  (u-uj 


Ai  (u  +  ux)  ]/ 2 


(38) 


RELATIVE  VOLTAGE 


A  more  detailed  discussion  of  the  evaluation  of  the  integral  is  given 
in  Paragraph  5.  Carrying  out  the  operation  described  above,  the  on 
axit  difference  pattern  slope  is  given  by: 


1 


M^fO)  -  (Tx/4)aau1A2  (ut) 


(39) 


The  above  two  relationships  will  now  be  evaluated  for  different  values 
of  uj.  The  first  to  be  considered  will  be  that  of  uj  =  tt.  Figure  27  shows 
the  secondary  pattern.  The  on-axis  slope  is  grven  by: 


>4^(0)  =  .9719a2 


(40) 


It  is  also  of  interest  to  determine  the  maximum  on-axis  slope  that 
is  obtainable  with  this  type  of  distribution  function.  This  is  found  by 
determining  what  value  of  causes  the  slope  of  the  on-axis  slope  function 
to  vanish.  That  is: 

d/dutM^O))]  -  o 


Carrying  out  this  operation,  the  following  transcendental  equation  results: 

J3  (uj  =  u1J3(ux) 

(42) 


Solving  this  for  uj  gives  u^  =  2.  3.  Using  this  value  of  u^  the  re 
suiting  value  of  the  boresight  difference  pattern  slope  is: 


M  (0)  =  1.1308a2 

un 


(43) 


Figure  28  shows  the  resulting  far  tield  pattern  with  u^  =  2.  3.  With  this 
value  of  Uj,  the  illumination  edge  taper  of  the  distribution  function  is 
found  to  be  .  666  or  -3.  53  dB,  as  shown  in  Figure  25-D. 

Another  case  of  interest  is  that  value  cf  uj  which  gives  the  maximum 
difference  gain  for  this  type  of  distribution.  It  has  been  shown*  that  the 
maximum  peak  difference  gain  is  obtained  with  u^  =  2.  57.  This  distribution 
function  is  illustrated  in  Figure  25-E.  The  illumination  edge  taper  for  uj  = 
2.57  is  found  to  be  .  84  or  -1.52  dB.  With  this  value  of  u^ ,  the  on-axis 


106 


107 


u 


difference  slope  is  given  by: 


M  (0)  -  1. 1132aa 
un 


(44) 


Figure  29  shows  the  far-field  pattern  obtained  with  this  distribution. 

The  last  special  case  of  interest  is  that  of  Uj  =  tt/2  which  is 
illustrated  in  Figure  25-F.  This  approaches  the  linear  odd  distribution 
discussed  earlier.  The  value  of  the  boresight  difference  pattern  slope 
is  given  by: 


Mun(0)  =  *9991aa 


(45) 


and  the  secondary  amplitude  pattern  is  shown  in  Figure  30. 

In  the  previous  paragraphs,  several  far-field  difference  patterns 
have  been  calculated  from  various  odd  distribution  functions.  These 
patterns  and  distribution  functions  will  now  be  normalized  to  the  constant 
power  radiated.  The  power  radiated  is  proportional  to: 


rad 


■ ".{ J 


(1~£3) 

U~C2) 


fK.mjfattfc 


(46) 


The  unnormalized  pattern  and  distribution  functions  are  divided  by  a  normal¬ 
izing  factor,  y  •  The  normalized  pattern  and  distribution  functions  are 
then  given  by: 


9n(u)  =  9un(u)/y 
fn  (  £'  r*)  =  fun  ( C»  Tl)  /  Y 


It  is  now  necessary  to  determine  the  normalizing  factor,  y  .  The  <.  onstant 
power  radiated  condition  is  satisfied  if  all  the  normalized  distribution 
functions  satisfy: 


RELATIVE  VOLTAGE 


RELATIVE  VOLTAGE 


(48) 


1  (1-C3)*5 

a2  f  I  ,  |  fn  (  C#  ri)  |  a<3 te3  C  =  k 
-I  -<1-C3P 


where  k  is  an  arbitrary  constant.  Since  k  is  arbitrary,  it  is  convenient 
to  assign  it  a  value  of  tt  .  It  will  be  seen  later  that  this  has  the  effect 
of  normalizing  all  the  distributions  to  the  uniform  distributions  case. 

The  above  equation  becomes; 

l  (i-c2)1* 

a2  J  J  |fn(Cin)|3dndC=  n  (4g) 

-i  -d-c2)*5 

Combining  this  with  the  expression  for  f  (C,  r|)  results  in: 

n 

1  .(l-C2)*5 

Ya  *  aVrr  f  J  |  fun  (  C.  ^  |  3dndC  (50) 

-l  -d-C2)*5 

Thus,  to  determine  the  normalizing  factor,  the  above  integral  must  be 
solved  for  each  given  distribution  function.  It  is  noticed  that  y  takes 
on  different  values  for  different  distribution  functions. 

Since  a]l  of  the  distribution  functions  considered  are  independent  of 
•q  ,  the  expression  for  y8  may  be  written: 

1 

y3  =  2a3/ it  J  |fun(C)!2dr  (51) 

-1 

Since  I  ^  I  is  always  an  even  function,  the  integral  may  be  re¬ 
duced  to: 


1 

Y3  =  4a3/ tt  {  |f„n<0|a<JC  <52> 

o 
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Due  to  the  complexity  of  this  integral,  it  was  decided  to  evaluate 
the  integral  by  graphical  techniques.  For  each  of  the  above  distribu¬ 
tion  functions,  the  above  expression  -<A-C4  |  fun  ( c)  I  8  was  plotted 
for  values  of  C  from  zero  to  one.  The  area  under  the  curve  was 
found  by  means  of  a  planimeter.  With  this,  the  value  of  y  can  be 
determined  for  the  various  distributions  functions. 

Having  determined  the  normalization  factor,  the  normalized 
far-field  pattern  can  now  be  found.  Figures  31,  32,33,34,  and  35  show 
the  far-field  patterns  of  the  distribution  functions  discussed  below, 
normalized  to  constant  power  radiated.  Also,  the  boresight  difference 
pattern  slope  must  be  normalized.  The  normalized  on-axis  difference 
slope  is  given  by: 


M(0)  =  *W<>)/y 


(53) 


Figure  36  gives  the  comparison  of  the  normalization  factors,  and  the 
unnormalized  and  normalized  on-axis  slopes  for  the  various  distribu¬ 
tions  discussed  above.  Also,  presented  is  the  relative  on-axis 
difference  slope  Mj^O).  This  is  the  on-axis  difference  slope  relative 
to  the  maximum  possible  sum  voltage.  In  this  case,  boresight  voltage 
of  the  far-field  pattern  resulting  from  a  uniformly  illuminated  circular 
aperture  of  radius  a  is  used.  Therefore, 


M_(0)  =  MfOj/S^O) 


(54) 


which  for  the  distribution  described  above  becomes: 

Mj.fO)  =  M(0)/raa  . 


(55) 


In  addition,  the  on-axis  difference  slope  ratio,  kQ,  is  presented.  This 
is  a  ratio  of  the  on-axis  difference  slope  to  the  maximum  possible 
difference  slope  (linear-odd  distribution)  and  is  expressed  in  decibels. 
Also,  presented  is  the  unnormaiized  and  normalized  difference  mode 
peaks  Gun  and  G,  respectively.  In  addition,  the  normalized  difference 
mode  peaks  are  expressed  in  decibels,  G0,  below  the  sum  channel  peak 
(uniform  distribution). 
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RET  >.TXVE  VOLTAGE 


RELATIVE  VOLTAGE 
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PHASE  SENSING  MONOPULSE 


For  the  phase  sensing  monopulse  system,  two  types  of  practical 
antenna  configurations  are  considered.  These  are  the  square  array  and 
diamond  array  configurations  of  the  "clove rleaf"  antenna.  A  schematic 
representation  of  these  two  configurations  is  shown  in  Figure  37.  For 
these  configurations,  the  aperture  shape  will  be  normalized  to  an  equiva¬ 
lent  circular  aperture.  This  is  done  in  order  that  a  true  comparison  can 
be  made  to  amplitude  sensing  monopulse  system.  In  the  following 
analysis,  the  clement  pattern  of  the  array  will  be  approximated  by  that 
obtained  with  a  uniformly  illuminated  circular  aperture  which  has  an 
area  equivalent  to  that  of  the  element  aperture.  With  this  uniform 
illumination  approximation,  there  is  no  problem  of  normalizing  to 
constant  power  radiated  since  a/y  equals  one  for  this  case.  The 
development  of  the  relationships  for  the  far-field  radiation  patterns  and 
the  on-axis  difference  pattern  slope  will  be  carried  out  simultaneously 
for  the  two  types  of  array  configurations. 

Letting  $  equal  the  phase  delay  due  to  the  element  separation 

we  have 


Diamond  Array 

$  =  (2tt/\)  (D/2)  sinQ 

E 

=  (2n/\)Dsii.  d 


Square  Array 

*  =  (2n/\)  (D/V?)  sinC 

=  (2tt/\)  (D/JT)  sinO 
A 


(56) 


From  array  theory,  the  far-field  radiation  pattern  of  the  array  may  be 
determined  in  terms  of  the  element  pattern,  g(9) : 


Sj,(A)  =  4g (  9)  [ (1  h  cos#E)/2]  s  (  0)  =  4g(  9)  cos  (  * j/2) 
SA(0)  =  -2g (  9)  sin (  $a/2)  S  (  0)  =  -4g(  n)  sin(  $/2) 


As  seen  from  Figure  37,  it  is  necessary  to  multiply  the  above 
voltage  expressions  by  the  appropriate  value,  1/2  or  'fT/2,  in  order  to 
conserve  power  through  the  antenna. 
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Diamond  Array 


1 


Diamond  Arra^ 


suare  Arri'v 


s  (0)  .  2,(8)  C(1  +  CO.M/2]  S„(0i  =  2,(0) CO. (8/2) 


s^(o)  =  -JT  g(Q) 


•in(8./2)  S(0)  =  -2,(»)sin(*/2)  (58) 


It  is  now  desirable  to  make  the  following  change  in  variable: 


u'  =  (2t>/\)  (D/2)  sinQ 


Also,  the  element  far- field  pattern  wiL  be  approximated  by  that  obtained 
with  a  circular  aperture  whose  area  is  equivalent  to  that  of  the  element, 
By  simple  geometry,  it  can  be  shown  that  the  diameter  of  the  equivalent 
circular  aperture  is  given  by  .  904D  where  D  is  d.e  diameter  of  the  main 
axis  of  the  element  aperture.  With  this  approximation,  the  element 
pattern  becomes: 

g(u')  =  rr { . 904D/2)3  (u') 


With  these  relationships,  the  equations  for  the  far-field  sum  and  difference 
patterns  become: 

Diamond  Array 

Sv(u/)  =  }5n(.904D)sA1  (u')  [(1  +  cosu')/2] 

(>1) 

SA(u')  =  -  (>JT/4)  tt(  .  904d)  3  Ai  (u  ')  sinu  ' 

Square  Array 

S.(u')  -  i5n( . 904D)  2  A.t  (u  ')  cos  [  '  ] 

(62) 

S^(u')  =  -jStt(.904D)  3  Ax  (u')sin[(v/272)u/ ] 

To  normalize  the  "cloverleaf"  antenm.  *o  an  equivalent  circular  aperture, 
the  following  relationship  is  used: 

D  =  1.107a 
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where  (a)  is  the  radius  of  the  equivalent  circular  aperture.  Introducing 
the  variable: 

u  =  (2n/X)a8inO 


results  in: 


u '  =  . 553u 


With  this,  the  equations  for  the  far-field  sum  and  difference  patterns 
are  given  by: 


Diamond  Array 

Sj.(u)  =  *5rra3  \r  ( .  553u)  [  (1  +  cos  ( .  553u)  ) /2  ] 
SA(u)  =  -%na2  (J2/2)  Ax (.553u) sin (.553u) 
Square  Array 

SE(u)  =  ^ixa2  Ax  ( .  553u)  cos  [  (J2/2)  .  553u  ] 
SA(u)  =  -iSrra:jA1  (.553u)  sin  [(75/2)  .553u] 

Simplifying  the  above  equations,  they  become: 

Diamond  Array 

S£(u)  =  4na2 A, (,553u) 1(1  +  cos ( . 553u) ) /2 ] 
S ^  (u)  =  -^na3  (7T/2)  Ai  ( .  553u)  sin ( . 553u) 


(63) 


(64) 


(65) 


Square  Array 

Sj,(u)  =  ^na^A,  ( .  553u)  cos  ( .  391u) 

S  (u)  =  -bna^Aj  ( .  553u)  sin  ( .  391u) 


(66) 
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Using  these  relationships,  the  sum  and  difference  patterns  are  calculated 
and  shown  in  Figure  38  and  39  for  the  two  antenna  configurations.  As 
seen  by  Figures  38  and  39,  the  peak  of  the  cifference  patterns  for  the 
diamond  and  square  arrays  are  -5.  25  dB  and  -3.  57  dB,  respectively. 

To  deter  nine  the  on-axis  slope  of  the  above  difference  patterns, 
the  following  relationship  is  used: 


Carrying  out  this  operation  and  utilizing  the  fact  that  (.553u)  is 
a  maximum  at  u  =  0  which  gives  (0)  =0  ,  the  following  results: 


Diamond  Arrai 


mare  Arra\ 


M(0)  =  >2(1.228)3 
M (0)  =  .614a 


M(0)  =  h(1.228)a 
M(0)  =  .614a 


(68) 


It  is  interesting  to  note  that  the  on-axis  difference  slope  is  the  same  for 
both  configurations  of  the  "cloverleaf"  antenna. 

The  above  relative  bore  sight  difference  slopes  can  be  compared 
directly  to  those  found  previously  for  the  amplitude  sensing  monopulse 
system.  However,  in  order  to  coynpare  the  actual  on-axis  difference 
slope  values,  M(0),  and  the  sum  and  difference  patterns,  the  results 
found  for  the  amplitude  sensing  monopulse  must  be  modified. 
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Calculated  Sum  and  Difference  Patterns 
for  the  Diamond  Array 


ELEMENT 

PATTERN 


S„(u)  =  Aj (,553u) [1  +  cos (.5 


Figure  39 


ELEMENT 

PATTERN 


A!(.553u)  cos  (,391u) 


When  calculating  the  far-field  from  the  various  aperture  distri¬ 
butions,  no  stipulation  was  made  on  how  these  distributions  were  formed. 
In  forming  these  distributions,  a  system  of  hybrids  as  shown  in  Figure 
27  is  used.  As  was  done  for  the  phase  sensing  monopulse,  the  sum  and 
difference  patterns  and  on-axis  difference  slopes  of  the  amplitude  sensing 
case  must  be  multiplied  by  a  factor  of  1/2  to  conserve  power  through  the 
antenna. 

COMPARISON 

With  the  amplitude  sensing  monopulse  relationships  found  above 
multiplied  by  a  factor  of  1/2,  a  direct  comparison  of  the  amplitude 
sensing  and  phase  sensing  monopulse  systems  discussed  can  be  made. 

Of  primary  concern  is  the  difference  mode  slope  at  boresight.  As  seen 
from  the  previous  paragraphs,  with  the  proper  choice  of  ideal  aperture 
distribution  function  the  on-axis  difference  pattern  slope  of  the  amplitude 
monopulse  system  exceeds  that  obtained  with  the  phase  sensing  mono- 
pulse  systems  discussed  above.  However,  the  only  meaningful  compari¬ 
son  that  can  be  made  is  with  the  full  sine  curve  illumination  function. 

This  is  the  only  theoretical  aperture  distribution  described  above  that 
can  be  related  directly  to  a  practical  aperture  illumination.  All  the  other 
distribution  functions  could  not  be  obtained  in  a  practical  system  without 
a  large  amount  of  spillover.  With  this  excess  spillover  the  constant 
power  radiated  constraint  applied  above  would  be  violated  and  on-axis 
slope  and  the  difference  peak  gain  obtained  with  the  practical  system 
would  be  less  than  the  theoretical  values  obtained  above.  Thus,  the  full 
sine  curve  illumination  is  the  only  distribution  function  of  those  given 
above  which  gives  a  good  theoretical  representation  of  a  practical 
amplitude  monopulse  system.  With  this,  the  on-axis  difference  pattern 
slope  obtained  with  a  practical  amplitude  monopulse  sensing  system 
(M40)  =  .  666a)  exceeds  that  of  the  practical  phase  sensing  monopulse 
system  (M(0)  =  .  614a)  discussed  above  by  a  small  amount. 

Although  the  on-axis  difference  slope  obtained  with  a  practical 
amplitude  monopulse  sensing  system  (uniform  and  full  sine  curve  distri¬ 
bution  functions)  exceeds  that  of  a  practical  phase  sensing  monopulse 
system,  it  must  be  remembered  that  in  an  actual  amplitude  sensing 
monopulse  system  the  sum  and  difference  aperture  distribution  functions 
are  formed  by  the  same  feed  mechanism.  When  this  is  done  there  is 
usually  a  compromise  between  the  sum  channel  gain  and  the  on-axis 
difference  pattern  slope.  Thus,  the  ability  to  form  both  the  uniform 
amplitude  distribution  and  the  full  sine  curve  distribution  would  be  a 
difficult  task  without  introducing  some  spillover  which  would  lower  the 
on-axis  difference  pattern  slope.  However,  with  the  phase  sensing 
monopulse  system  both  the  sum  channel  gain  and  the  on-axis  difference 
slope  vary  the  same  with  regards  to  the  element's  aperture  distribution. 
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The  element  distribution  (uniform)  which  gives  the  maximum  sum  channel 
gain  also  gives  the  best  on-axis  difference  slope  and  there  is  no  need  to 
compromise  between  the  two  as  there  is  with  the  amplitude  sensing  mono¬ 
pulse  system.  Therefore,  in  an  actual  system  one  could  normally  expect 
to  obtain  a  greater  on-axis  difference  slope  with  the  phase  sensing  mono¬ 
pulse  system  than  with  an  amplitude  sensing  monopulse  system. 

5.  EVALUATION  OF  FAR -FIELD  PATTERN 


To  determine  the  far -fie  Id  difference  pattern  in  the  principle  plane 
($  =  0°)  of  a  circular  aperture  antenna  of  radius  a,  the  following 
relationship  is  used: 


S  ,  (  U  ) 

A 


=  j4a  J  Jl-C2  fo(0sin(uC)dC 


where  u  =  ( 2tt/X)  as  in  0  and  f  (  (!) 


tion  function.  For  the  case  of  f  (  C)  -  sin(uj  (.) 
diffraction  integral  becomes: 


is  the  odd  aperture  distribu- 
sin(m  C)  ,  the 


s^(u)  =  j4a  J  %/l^C2  sin(ux  Q  sin(uC)  dC 


Using  the  following  trigonometric  identity, 


2sinx  siny  =  cos(x-y)  -  cos(x+y) 


the  integral  may  be  written  as: 


X 

S^(u)  =  j 2a2  {  J  yi-c3  cos  ( u— u | )  C  dC  -  J  Jl-C2  cos(u+Ul)(  dC](74) 


Utilizing  the  following  relationship: 


Jl{z)  =  (2z/n)  J  Jl-t5  cos  (zt)  dt 


the  above  integrals  become: 
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g(u)  =  jn,»t  — (U~Ul>-  J'(utu')  , 
(u-Uj)  (u+ut) 


This  may  be  written  as: 


g(u)  =  j  na3  [  Ajfu-uj)  -  A1(u+u1)l/2 


The  slope  of  g(u)  at  u  =  0  can  now  be  determined 


M  =  —  [g(u)  ] 
du 


cl  *  ^  ^  jj 

M  =  jua2!  —  C(u-ul)  J1(u-ul)]  Cu+Ui)"  J^u+Ui)]! 


Noting  that. 


~  tx'nJn(x) ]  =  -x'njn.,(x) 


The  above  expression  becomes: 


M  »  jna3  t  J»(u+u^-  -  J^u-uxll 
(u+ut)  (u-ux) 


Evaluating  this  at  u  =  0  and  realizing  that 


M  (0)  =  j  2na2  J-g-  (ui  j 


which  may  be  written  as: 


M(0)  =  j  (Tr/^a^uj  A2  (ux) 


■?1 


•  .  •  ■  .  ;£r  *$1 

.  ■  *-  r 

J 
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SECTION  VII 


AMPLITUDE  AND  PHASE  ERRORS  IN  MONOPULSE  SYSTEMS 


Microwave  monopulse  antenna  systems  are  generally  characterized 
by  a  feed  and  reflector  system  followed  by  a  comparator.  The  comparator 
outputs  include  main  beam  (sum  channel)  signals  and  error  channel 
(difference  channel)  signals.  The  sum  channel  carries  the  basic  communi¬ 
cations  information  (or  radar  signal  in  the  case  of  radar  systems)  and  the 
difference  channels  are  used  to  obtain  antenna  pointing  information. 

Typical  characteristics  of  monopulse  systems,  in  particular  amplitude 
sensing  and  phase  sensing  systems,  are  analyzed  in  detail  in  a  two-part 
article  by  Cohen  and  Steinmetz,  (10).  Specific  antenna  characteristics 
were  assumed,  but  the  basic  method  of  analysis  is  general  and  would  be 
useful  in  determining  the  parameters  of  any  monopuise  system  character¬ 
ized  by  an  antenna  system  and  comparator. 

The  purpose  of  this  section  is  to  summarize  the  general  effects  of 
pre -comparator  errors  and  post- comparator  errors.  A  simplified  model 
will  be  used  to  demonstrate  the  basic  effects,  but  a  rigorous  analysis  will 
not  be  made.  The  Cohen  and  Steinmetz  article,  for  example,  would  furnish 
much  more  detail,  including  quantitative  results.  The  pre-  and  post- com¬ 
parator  errors  and  their  effects  could  be  analyzed  as  required  for  specific 
configurations  using  the  same  techniques.  The  simplified  model  provides 
a  degree  of  insight  which  is  difficult  to  obtain  from  the  more  detailed 
exact  model. 

Throughout  this  section  a  one -dimensional  monopuise  system  will 
be  considered.  In  conventional  systems,  two  orthogonal  axes  are  used  to 
obtain  two-dimensional  tracking  signals.  Since  the  two  error  channels 
are  orthogonal,  they  can  be  treated  individually  without  loss  of  generality. 

It  will  be  further  assumed  that  the  feed-reflector  system  provides  two 
outputs  which  enter  the  comparator.  The  comparator  then  supplies  two 
outputs,  namely  the  sum  (representing  the  main  beam  of  the  antenna)  and 
the  difference  (containing  angular  pointing  information).  When  more  than 
two  feeds  are  considered,  their  combination  errors  can  be  evaluated  in  a 
similar  manner.  When  a  two-channel  monopuise  is  considered  (i.e.  ,  the 
two  error  channels  are  placed  on  a  single  channel  by  adding  the  signals 
in  phase  quadrature)  the  conclusions  reached  in  this  section  are  not  valid. 
This  problem  is  discussed  in  detail  in  Section  XIII. 

Consider  the  two  feed  outputs,  as  shown  in  Figure  40,  to  be  given 

by: 
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A  3  VTga(u)  cos[cOt  +  0A(U) 
B  s  V"Tgb(u)  cos  [cOt  +  0g(u) 


(83) 


where  u  is  a  normalized  function  of  the  angle  between  bore  sight  and  the 
signal  source 

GA,  Gb  are  gain  functions 

0A »  are  phase  functions 
CO  is  the  operating  frequency 
All  quantities  are  real,  but  not  necessarily  independent. 

The  feed  signals  are  fed  to  the  comparator, typically  a  hybrid 
(magic-tee)  network.  For  the  two  cases  of  most  general  interest, 
amplitude  monopulse  and  phase  monopulse,  the  £  output  is  the  sum 
A  +  B  and  the  A  output  is  the  difference  A  -  B,  modified  by  a  ■’sTz 
factor  to  conserve  power.  The  problem  of  interest  is  the  effect  of  gain  and 
phase  errors,  so  a  gain  factor  K  and  d  phase  shift  9  will  be  associated  with 
the  comparator  processing, 

Then, 

s  KaGa(u)  cos [cOt  +  0a^  +  9  A 
+  KbGb(u)  cosjjCO t  +  0B(U)  + 


These  equations  can  be  rewritten  as, 


2 

As 


c 


cos  COt  +  K  G 


(u)  cos  [cot  +  0  (u)  +  oj 


(85) 


Whe  re 


C  =  Ka  G-a(u)  is  a  gain  "constant",  dependent  upon  u 
0A  =  -0A(u)  an  arbitrary  phase  constant 


0  (u)  =  0g  (u)  -  0A  (u)  is  the  phase  difference  between  the 
signal  received  at  the  two  feeds. 

9  =  ©3  -  9^  is  the  differential  phase  shift  (error)  in  the 

compa  rator. 


K  =  KB/KA  is  the  ratio  of  the  pre -comparator  gains  in 
the  two  channels. 


G  (u)  =  Gg  (u)/Ga  (u)  is  the  ratio  of  the  magnitudes  of  the 
two  feed  signals  . 


Using  trigonometric  identities,  equation  (85)  can  be  rewritten  as 


=  C 


(l+KG(u)  cos  |~0(u)  +  e]  )  cos  Ct)t 
+  (KG(u)  sin  (u)  +  9  j  )  sin  CO  «. 


(86) 


It  should  be  noted  that  equation  (86)  separated  the  amplitude 
functions,  phase  functions,  and  orthogonal  time  functions,  so  each  effect 
can  be  independently  determined.  In  practice,  ideal  amplitude  monopulse 
systems  do  not  exist,  but  they  can  be  usefully  approximated  by  considering 
G  to  carry  the  pointing  information.  Similarly,  a  pure  phase  monopulse 
system  can  be  approximated  bv  assuming  G  to  be  independent  of  u. 


The  case  of  most  interest  at  present  is  operation  near  boresight. 
Under  these  conditions: 


K  — *  1 
G  (u)  — *■  1 
0  (u)  — *  0 
9  — >0 

When  all  four  quantities  approach  their  respective  design  goals,  the  sum 
output  is 


£  =  2  C  cos  CO  t  (87) 

Amplitude  and  phase  variations  would,  of  course,  alter  the  sum  channel 
output  and  the  effects  can  be  quantitatively  evaluated  using  equation  (86). 
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The  difference  channel  is  of  much  greater  interest  since 
rapidly  as  amplitude  and  phase  variations  are  introduced 
for  zero  output  on  the  difference  channel  are 


and 


KG  (u)  cos  ^  0  (u)  +  0  j  -  1 
KG  (u)  sin  ^  0  (u)  +  0  j  =  0 


»  output  varies 
The  conditions 


(88) 


Due  to  the  ortogonality  of  the  terms,  local  minima  will  occur  when  each 
term  is  ' -independently"  minimized.  These  effects  are  more  easily  sees 
when  a  specific  sensing  system  is  considered.  For  example,  in  a  phase- 
sensing  monopulse,  G  is  essentially  independent  of  u  and  the  pointing  in¬ 
formation  is  carried  in  0  (u),  the  relative  phase  of  the  incoming  signal. 
Then,  the  second  equation  in  (88)  is  the  most  important  factor  fcr  small 
changes  in  pointing  angle;  i.e.  ,  to  obtain  a  null  we  required  that 


ft 


fu) 


t  0 


(891 


Thus,  a  small  phase  shift  8  prior  to  the  comparator  will  re  suit  in  a  bore- 
sight  shift,  an  amount  inch  that  equation  (89)  is  satisfied. 


Examining  the  first  erm  of  (88),  we  find  that  the  output  is  an  even 
function  of  the  angle  0  (u)  -t  Then,  to  a  first  approximation,  the  bore- 
sight  shift  does  not  alter  th  ;  term.  An  amplitude  shift,  from  the  ideal 
value  of  KG  =  1  would  cause  a  minimum  rather  than  a  null.  Thus,  a 
magnitude  of 


C  (1  -  KG)  j 


(90) 


occurs  due  to  amplitude  errors,  when  the  system  is  on  bore  sight.  The 
ratio  of  this  bore  sight  magnitude  to  the  peak  value  of  |Aj  ,  as  pointing 
angle  u  is  varied,  is  the  nulldepth  of  the  system.  Smaller  values  of  null 
depth  (better  nulls)  require  better  amplitude  balance. 


The  phase  -  sensing  system  can  be  summarized  as  follows:  pre  ¬ 
comparator  phase  errors  cause  bore  sight  errors  in  direct  proportion 
(as  a  function  of  normalized  pointing  angle  u);  pre -comparai.or  amplitude 
errors  cause  null  depth  variations  (imperfect  nulls).  In  this  simple 
analysis,  second-order  effects  have  been  ignored.  This  is  normally  a 
good  assumption,  since  large  pointing  errors  are  not  of  general  interest 
because  they  result  in  significant  loss  in  sum  channel  gain. 


Analagous  results  can  be  obtained  for  an  amplitude  -  sensing  system 
using  equation  (88).  In  an  ideal  amplitude  system,  0  is  independent  of  u 
and  G  (u)  contains  the  pointing  information.  Then,  the  first  equation  (88) 
is  the  predominant  function  for  determining  bore  sight  angle.  The  cosine 
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function  changes  very  slowly  for  small  arguments,  so  the  bore  sight  is 
essentially  determined  when 


KG  (u)  =  1  (91) 

Thus,  pre -comparator  amplitude  unbalance  (K^  1)  results  directly  in 
boresight  shift  (G  (u)^l). 


The  second  aquation  of  (88)  varies  most  rapidly  with  the  term 
sin  [0  +  9  j  .  A  null  occurs  when  0  +  9=0.  Pre- comparator  phase  errors 
result  in  an  imperfect  null  with  a  magnitude  approximately  given  by 


A 


CK  G(u)  sin  9 


9 


(92) 


where  9  is  in  radians  of  phase  error.  As  before,  the  ratio  of  minimum 
amplitude  to  maximum  amplitude  is  known  as  the  null  depth,  better  null 
depths  are  obtained  with  better  pre -comparator  phase  matching. 


The  amplitude  -  sensing  system  can  be  summarized  as  follows: 
pre -comparator  amplitude  unbalance  results  directly  in  boresight  shifts; 
pre -comparator  phase  errors  cause  null  depth  variations. 


The  boresight  errors  and  null  depths  can  be  evaluated  using  the 
equations  developed  here  when  the  antenna  functions  G  (u)  and  0  (u)  are 
known.  The  qualitative  effects  have  been  discussed,  and  show  the  pre- 
comparator  errors  of  a  type  like  the  sensor  (i.  e.  ,  amplitude  unbalance 
in  an  amplitude-  sensing  monopulse)  cause  boresight  pointing  errors, 
whereas,  pre -comparator  errors  of  the  opposite  type  from  the  sensor 
cause  imperfect  nulls  at  boresight.  In  the  event  a  different  sensor  is  used 
(dependent  on  both  phase  and  amplitude),  the  effects  of  pre -comparator 
errors  can  be  evaluated  in  an  analagous  manner.  The  two  major  effects 
will  generally  be  boresight  shifts  and  null-depth  variations  with  magni¬ 
tudes  in  proportion  to  the  pre  -  comparator  errors. 

In  the  above  de  rivation,  Cl)  was  treated  as  a  constant.  In  general, 

Cd  can  be  a  function  of  time  (e.g.  ,  an  angle  modulated  signal).  As  long 
as  the  spectrum  occupied  by(jj  is  narrow  compared  to  the  average  operat¬ 
ing  frequency,  the  results  are  unaltered.  This  notation  will  be  maintained 
in  the  following  discussion  of  post-detection  effects. 

The  effects  of  post-detection  errors  are  highly  dependent  upon 
the  receiver  technique  and  the  mode  of  detection.  The  problem  which 
will  be  considered  here  is  a  full  monopulse  (three  channel  receiver)  with 
a  cross-correlation  detector  (a  multiplier).  The  results  are  identical 
when  time  quadrature  sampling  is  used  in  a  pseudo-monopulse  system. 
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The  sum  and  difference  channel  signals  are  given  in  equation  (86). 
If  the  sum  channel  gain  and  phase  are  arbitrarily  selected  with  respect  to 
the  difference  channel,  the  sum  channel  can  be  rewritten  as 


(1  +  KG  cos  \p)  cos  COt  -  KG  uin\jj  sinOJ  tj 


(93) 


whe  re 

Xp=  0(u)  +  8 

and  for  brevity  the  u  dtpendence  of  G  is  not  written. 

The  difference  cnannel  is  assumed  to  undergo  a  gain  and  phase 
shift  with  respect  to  the  sum  channel.  Then, 

A  =  C'  Jjl  -  KG  co si jj)  cos  (60 1  +y )  +  KG  sinl^f sin  (60 1  +  y>]  (94) 


where  C'/C  is  the  difference  channel  gain  with  respect  to  the  sum  channel 
and  'Y  is  the  phase  shift  of  the  difference  channel  with  respect  to  the  sum 
channel. 


Using  trigonometric  identities,  equatior  (94)  can  be  rewritten  as: 

t 


A  =  C'£[(l  -  KG  cos  cosy  +  KG  sin\|/sinyj  cos 60 

+  -  (1  -  KG  coslj;)  siny  +  KG  sin \jj  cosy]  sin  60  tj 


95) 


The  means  for  obtaining  pointing  information  will  now  be  specified 
a 8  a  correlation  detection.  Other  kinds  of  detection  would  in  general, 
result  in  different  post-comparator  error  effects.  The  correlator  is 
simply  a  multiplier  followed  by  a  low  pass  filter.  The  effect  of  the  filter 
is  to  remove  double  frequency  components  (and,  in  practice,  to  remove 
leakage  of  the  fundamental).  The  action  of  the  correlator  can  be  easily 
seen  by  noting  that  the  multiplication  of  sum  and  difference  channels 
results  in  three  kinds  of  terms  cos^COt,  sin^COt,  and  cos  60 1  sin  60  t. 


Using  the  identities: 

2  cos^6Jt  =  1  +  cos  2CJt 

2  sin^60t  =  1  -  cos  26Jt 

2 

2  sin  6JtcosCiJt  =  sin60t 


(96) 
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it  is  apparent  that  only  the  constants  are  of  importance,  since  the  2U)  t 
terms  are  removed  by  the  low-pass  filter.  The  resultant  pointing  angle 
output,  e^,  in  an  amplitude  monopulse  syatenris  given  by: 


CC»  f 

“i 

In  the  absense  of  pre -comparator  phase  shifts,  \jJ  -  0  and 

CC«  2- 

eA  3  _  |  l-(KG)  J  cosy 

2 


(97) 


(98) 


Thus,  the  gain  (slope  of  the  error  signal  as  a  function  of  pointing  angle)  is 
modified  by  C',  the  gain  factor  in  the  error  channel,  and  is  reduced  by 
cos  y,  where  y  is  the  post-comparator  phase  error. 

Referring  back  to  equation  (97),  the  effect  of  pre -comparator  and 
post- comparator  phase  shifts  is  seen  to  be  of  second  order.  It  can  be 
important  near  boresight,  however,  since  a  pointing  error  results.  Bore- 
sight  occurs  when, 


0 


+  2  KG  ainljj ain'y  -  0 


(99) 


It  is  apparent  that  the  gain  loss  is  relatively  small  for  rather  large 
phase  errors,  since  the  two  sine  factors  are  multiplied  together.  This 
term  is  generally  of  importance  only  when  high  pointing  accuracy  is  re¬ 
quired  (e.g.  ,  in  the  radar  case). 

The  pointing  angle  output,  ep,  in  a  phase  sensing  system  is  found 
in  a  similar  manner.  A  90°  phase  shift  is  introduced  in  the  difference 
channel  with  respect  to  the  sum  channel  prior  to  the  correlator,  but 


otherwise  the  operation  is 

identical. 

The  filtered  output  is 

CC'  C 

ep  =  — 1 

(KG)  -  1 

. 

J  siny  +  2  KG  sin ijj  cos  y  . 

2  l 

In  this  case  the  second  term  is  the  basic  pointing  signal,  and  the  first  term 
is  a  (s  cond  order)  error  signal.  Thus,  when  the  pre -comparator  ampli¬ 
tude  errors  are  zero  (KG  •-  1),  the  expression  reduces  to: 
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(101) 


s  CC’  »in 


\p  co*  y 


As  in  the  amplitude  monopulse  case,  the  gain  (slope)  is  modified  by  C 
and  by  cos  y  . 

Bore  sight  occurs  when, 


1  sin  y  +  2  KO  sin  l p  cos  y  *  0 


(102) 


Again,  a  second  order  effect  is  present  since  sin'y  is  a  small  value  for 
moderately  small  phase  shifts  and  (KG)^  is  nominally  equal  to  unity.  The 
net  effect  caused  by  pre-comparator  amplitude  errors  and  post-comparator 
phase  errors  is  a  small  boresight  error. 

In  summary,  two  basic  effects  are  seen  when  post- comparator 
errors  are  present.  First,  a  gain  variation  is  caused  by  both  amplitude 
and  phase  errors.  This  gain  change  will  result  in  changes  of  the  servo 
systt  xr.  gain.  Second,  a  boresight  shift  is  present  when  bodi  pre- compara¬ 
tor  errors  (of  the  opposite  kind  from  the  type  of  monopulse  system)  and 
post  comparator  phase  shifts  are  present.  The  boresight  shift  is  a  second 
order  effect  and  will  not  generally  be  a  significant  source  of  sum  channel 
gain  reduction.  The  amount  of  sum  channel  gain  change  can  be  determined 
from  these  equations  when  the  antenna  gain  and  phase  functions  are  known. 
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SECTION  vm 


NORMALIZATION 


An  optimum  receiver  would  provide  an  angular  pointing  error 
which  is  independent  of  the  received  signal  strength.  The  antenna  and 
receiver  noise  causes  the  tracking  system  gain  to  change  below  that 
value  at  high  signal  strength,  and  the  system  performance  is  according¬ 
ly  degraded.  The  tracking  system  is  said  to  be  normalized  when  its 
gain  is  dependent  only  on  pointing  error  and  not  on  signal  strength. 

Figure  41  shows  a  simplified  tracking  system  beginning  with  a  source 
or  transmitter  and  ending  with  an  error  voltage  eQ(t)  into  the  servo 
system.  Only  one  channel  (one  axis)  tracking  circuitry  is  shown.  The 
system  gain  factor  K  is  in  units  of  volts  per  degree  pointing  error  and 
it  is  desired  that  K  (average  value)  not  change  when  the  distance  between 
source  and  antenna  changes  (for  a  constant  pointing  error  €  ) . 

Figure  42  shows  the  effect  of  noise  on  K  for  systems  using 
different  schemes  to  achieve  normalization.  Curves  2,  3  and  5  are 
from  Pelchat  (H).  Curve  2  assumes  that  the  angle  detector  is  a  perfect 
multiplier  and  the  AGC  or  signal  level  detector  is  a  square  law  rectifier. 
The  S/N)  ^  ratio  is  measured  at  the  output  of  the  sum  channel  amplifier. 
Curve  3  assumes  that  linear  rectifiers  are  used  in  the  level  and  angle 
detectors  and  that  the  ratio,  A  G  Ne/Nr,  of  noise  powers  in  the  sum  and 
error  channels  measured  at  the  input  to  the  angle  detector  is  unity.  Curve 
5  again  uses  linear  rectifiers,  but  the  ratio  Ag  Ne/Kp  s  10.  Here,  A  G 
is  the  ratio  of  error  to  sum  channel  gain,  Ne  and  Nr  are  the  noise  powers 
in  the  error  and  reference  channels  referred  to  the  antenna  terminals. 
Curve  1  is  for  the  case  of  a  hard  limiter  used  to  provide  normalization 
similar  tc  the  system  configuration  described  by  Rubin  and  Kamen^^. 

This  curve  was  compiled  from  data  given  in  Davenport'  '  (Figure  4), 
and  Jones^^^  (Figure  3).  The  IF  bandwidth  is  equal  to  that  used  in  the 
systems  having  AGC  circuitry,  and  the  same  received  signal  p>ower  will 
then  result  in  identical  signal-to-noise  ratios  at  the  IF  output.  However, 
in  a  practical  case,  the  limiter  or  SCAMP  approach  will  require  at  least 
three  times  the  IF  bandwidth  as  used  in  the  AGC  type  systems,  since  the 
error  signals  have  the  same  information  bandwidth  as  the  sum  channel, 
and  must  not  overlap  in  the  frequency  spectrum  at  the  limiter  input.  Curve 
4  is  plotted  for  the  minimum  required  IF  bandwidth,  and  same  received 
signal  strength  as  the  AGC  type  systems. 


139 


Figure  41  Simplified  Block  Diagram  of  Tracking  Syste 


(volts /degree  error! 


For  identical  S/N)^  at  the  IF  output,  the  limiter  approach  provides 
superior  normalization  characteristics  at  values  of  S/N)^*  equal  to  10  or  less. 
When  the  different  systems  are  compared  for  the  case  ofequal  signal 
strengths  at  the  antenna  terminals,  the  hard  limiter,  due  to  its  increased 
IF  bandwidth,  is  inferior  to  the  square  law  or  linear  rectifier  AGC  systems 
(  Ag  Ne/Nr  =  1).  It  is  noted  that  coherent  or  synchronous  AGC  would 
normally  provide  normalization  to  values  of  S/N)^  out  of  the  IF  less  than 
0  dB,  depending  upon  the  ratio  of  the  IF  to  loop  or  reference  filter  band- 
widths.  Thus,  as  long  as  the  system  is  locked  and  tracking,  K  is  essentially 
constant  at  the  value  The  use  of  a  coherent  system  can  impose  addi¬ 

tional  problems,  particularly  during  acquisition. 

In  a  typical  communications  situation  at  least  a  +6  dB  S/N  would 
be  anticipated,  resulting  in  a  normalization  change  of  less  than  3  dB  for 
square  law  or  linear  detectors  (curves  2  and  3).  Therefore,  when  the 
signal  strength  is  sufficient  for  good  communications,  the  normalization 
problem  is  not  severe.  In  other  situations,  however,  the  servo  loop  gain 
change  at  low  values  of  S/N  could  impose  severe  design  problems. 


SECTION  IX 


MONOPULSE  NOISE  ANALYSIS 

The  purpose  of  this  section  is  to  analyze  the  noise  characteristics 
of  a  monopulse  system.  The  system  includes  three  receivers  of  bandwidth, 
W,  two  cross  correlation  detectors,  and  two  low  pass  filters,  as  shown 
in  Figure  43.  The  signal -to -noise  ratio  (SNR)  on  the  error  channels  is 
derived  as  a  function  of  the  signals  and  noise  densities  at  the  inputs.  Since 
the  operations  performed  on  the  two  error  channels  are  identical,  only  one 
channel  will  be  analyzed. 

The  input  signals  are  angle  modulated  (e.  g. ,  FM  or  PM)  and  are 
assumed  to  be  identical  except  for  a  gain  factor.  Input  noise  is  assumed 
to  be  white,  gaussian  noise,  independent  and  with  different  (in  general) 
density  in  each  channel.  The  inputs  are  passed  through  ideal  bandlimiting 
filters  of  bandwidth  W  and  centered  at  a  frequency  of  fc.  Then, 


ys(t)  =  A  g(t)  +  nB(t) 
Vel(0  =  B  g(t)  +  ne(t) 


(103) 


where  E  ( g2( t))  =  1 
to  normalize  the  power  levels. 

The  spectrum  of  g(t)  is  zero  outside  of  the  frequency  interval  of 
bandwidth  B  centered  at  fc.  The  noise  spectra  can  be  similarly  described 
as 

Ns 

snSW  =___ 

2 
N 

„  e 

n.e  _ 

2 

Then,  the  SNR  on  the  sum  channel  can  be  found  as  follows: 


W  w 

+  W 


(104) 
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Signal  power  =  A2 

Noise  power  =  N  W 
s 


,  SNR . 


A2 

NSW 


(105) 


The  remaining  problem,  then  is  to  find  the  SNR  on  the  elevation 
channel.  The  general  procedure  to  be  used  in  this  analysis  is  as  follows: 
the  autocorrelation  function  of  output  of  the  multiplier  is  found;  the 
Fourier  transform  of  the  autocorrelation  function  is  obtained,  which  is 
the  power  spectral  density.  The  appropriate  low  pas  is  portion  of  the 
spectrum  is  retained  as  the  output  of  the  filters. 

The  multiplier  output  is  given  by, 


JelM  =  (ys(t)  )  •  (yel(t)  ) 

=  ABg2(t)  +  Ag(t)  ne(t)  +  Bg(t)  ns(t)  +  ng(t)  ne(t) 


(106) 


The  characteristic  of  the  angle  modulated  signal  is  described  a?  foaiows: 


g(t)  =  VTcos  0(t)  /,  E  g2(t)J 


(107) 


where  0(t)  represents  the  modulated  carrier  frequency. 


The  autocorrelation  function  of  the  multiplier  output  is 

RJel(T)  =  E  [-W‘>  <*  *T>] 


(108) 


=  E^ABg^t)  +  Ag(t)  ne(t)  +  Bg(t)  ng(t)  +  ng(t)  ne(t)j  '  [ABgZ(t  +T) 
+  Ag(t  +T)  ng(t  +T)  +  Bg(t  +T)  ns(t  +*0  +  ns(t  +T)  ne{t  .  C 


Noting  that  the  expected  value  of  the  noise  functions  is  zero,  the  only  non¬ 
zero  terms  will  be  signal  terms  and  autocorrelation  noise  terms  (not  cross¬ 
correlation  noise  terms).  Then,  defining  F.x  (T)  as  the  autocorrelation 
function  for  the  time  function  x,  equation  (108)  can  be  rewritten  as, 
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(109) 


Rjel(T)  ‘=  a2b2r2^T^  +  a2r8(T>  Rne{T> 

+  B2Rg(T)  R  n g(T)  +  R  ns(T)  R  ng(T) 


The  Fourier  transform  of  equation  (109)  yields  the  spectrum  of  jej(T)  as 
follows: 


Sjel(f)  =  A2B2S  g2(f)  t  A2S  g(f)  *  S  ne(f) 


+  B“S  g(i)  S  ns(f)  +  S  ns(f)  *  S  ne(f) 


(110) 


where  the  symbol  *  denotes  convolution;  i.  e., 


S  g(f)  *  S  ne(f)  =  /  S  g(x)  S  ne(f  -  *)  dx 


Equation  (HO)  can  be  most  easily  evaluated  by  referring  to  the  spectra 
shown  in  Figure  44.  In  addition,  the  case  of  interest  in  the  monopulse 
situation  occurs  when  the  low  pass  bandwidth^  is  very  small  compared 
to  W,  the  bandwidth  of  the  incoming  signal.  Under  these  conditions,  the 
outputs  of  interest  occur  very  near  to  zero  frequency  and  can  be  con¬ 
sidered  as  having  flat  spectra  of  width  ^  and  magnitude  equal  to  the  DC 
value  of  the  unfiltered  function.  An  evaluation  of  each  term  in  (110) 
follows: 

Sg  (o)  =  DC  signal  power  in  g2(t) 
g(t)  =  nTTcos  0(t) 
g2(t)  =  2  cos2$(t) 

,\  Sg2(o)  =  1 


1  +  cos  20(t) 

W 

f  + 
c  2“ 


(111) 
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SIGNAL  AND  NOISE  SPECTRA 


Figure  44 
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Sg(f)  *  S  ne(f )  -  Z^J^  Hi  Sg(x)dx 


N, 


•e  r 

=  _  total  signal  power 

2 


]■* 


similary,  Sg(f)  *  S  ns(f)  = 


N, 


W 


S  njf)  *  SnJf)  S 


NeNs 


N  N  W 
e  s 


*c  + 


x  dx 

_  W 
f  - 
c  — 

2 


The  elevation  channel  output  can  now  be  written, 

,  7  A2Ne 

Sel(o)  *  A2BZ+  _ _  + 


2”  B2Ns  NeNsW 


2-r,2 


(112) 


(113) 


(114) 


(115) 


The  desired  (noise  free)  signal  output  is  the  term  A  B  .  The  noise  power 
is  then  determined  by  the  low  pass  filter  of  two  sided  bandwidth  •  The 
total  noise  power  out  is 


Nout  =  P  ^ Ne  +  B*N.  +  NeNSW) 


(116) 


Then,  the  output  signal- to-noise  ratio  is, 


SNRel  out  = 


A2B2 


/3(AZ  Ne+  B2Ns+  NeNs  W) 


(117) 


Equation  (117)  is  the  desired  result.  An  identical  expression  car.  be 
derived  for  the  azimuth  channel,  when  Ne  is  replaced  by  Na»  the  noise 
density  on  the  azimuth  input.  Equation  (117)  can  be  written  in  a  more 
illuminating  manner  by  making  the  fc”  owing  identifications: 
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hL 

_  =  SNR  is  the  sum  channel  input  SNR  in  a  bandwidth  W 

N  W 
s 


(118) 

B2 

_  =  SNRe  is  the  elevation  channel  input  SNR  in  a  ban- .width  W 

Ng  W 


Then, 


5NR  j°«  = 


W 


P 


SNR, 


SNR„ 
1  +  e 


SNR. 


SNRs 


(119) 


Equation  (119)  defines  the  output  SNR  on  the  elevation  error  channel  in 
terms  of  input  bandwidth,  video  bandwidth,  and  input  SNR's.  In  many 
cases,  the  equation  can  be  further  simplified.  When  tracking, the  sum 
channel  signal  is  much  stronger  than  the  error  signal..  SNReC<SNRs. 
Furthermore,  when  the  system  is  operating  well  above  threshold,  a  large 
input  SNR.s  is  expected. 


SNR, 


.  • 

out  = 


W 


a 


SNR, 


(120) 


Thus,  under  high  signal  conditions  and  when  tracking,  the  output  SNR 
is  equal  to  the  input  SNR  when  measured  in  the  same  bandwidth.  Under 
rather  marginal  communications  conditions,  when  SNRg  =  1,  the  output 
SNR  is  degraded  by  an  "’.dditional  3  dB. 
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SECTION  X 


TIME  DIVISION  MULTIPLEXING 


(TDM) 


One  technique  for  combining  the  three  input  signals  (one  sum 
and  two  difference  channels)  of  a  moncpulse  system  onto  a  single 
channel  is  time  sharing,  or  TDM.  One  type  of  TDM  which  could  be 
considered  would  be  a  "slow"  switching  between  the  three  channels, 
where  ‘'slow"  means  that  the  switching  period  is  very  long  compared 
to  the  reciprocal  of  the  bandwidth  of  the  incoming  signal.  This  method 
results  in  an  irrecoverable  loss  of  sum  channel  information  during  those 
times  when  the  difference  channels  are  being  passed.  As  a  result,  the 
method  is  not  generally  usable  in  a  communications  terminal.  The  "slow" 
switching  technique  will  not  be  considered  further. 

The  alternate  TDM  technique ,  '“'fast"  sampling,  will  be  discussed 
in  this  section.  Basic  lim.tations  exist  in  the  switching  rate,  bandwidth, 
and  crosstalk  in  this  type  of  system.  Fortunately,  some  fundamental 
sampling  theorems  can  be  applied  to  obtain  limits  on  this  problem. 

A  general  TDM  system  can  be  represented  by  the  simplified  block 
diagram  of  Figure  45.  The  three  input  signals  pass  through  handlimiting 
filters  prior  to  the  first  switch.  The  filters  will  be  considered  to  be  ideal 
(nor- realizable)  filters  which  pass  without  loss  all  signals  in  a  bandwidth 
B  centered  at  the  carrier  frequency  and  provide  infinite  rejection  at  all 
other  frequencies.  Realizable  filters  will  be  considered  later,  but  the 
use  of  ideal  filters  is  necessary  at  this  point  to  allow  sampling  theorems 
to  be  used.  < 

Sampling  theorems  for  bandpass  functions  have  been  presented 
by  several  authors  ^  and  are  essentially  bandpass  versions 

of  Shannon's^^classical  sampling  theorem.  The  bandpass  sampling 
theorem  requires  that  a  minimum  sampling  rate  fR  of 


fR  =  2  6J  (1  +  M  (121) 

m 

be  used  to  allow  recovery  of  the  initial  signal. 
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gure  45 


whe  re 


(x)  is  bandwidth  of  the  signal 


fj,  is  highest  frequency  in  band 
m  is  largest  integer  not  exceeding  i^/CO 

,  f2 

k  -  _ _  -  m 

CO 

Thus,  the  required  rate  varies  between  2GJ  and  4Gl)  and,  fo  ngh  center 
frequencies  with  respect  to  bandwidth,  is  nearly  equal  to  2(jJ  .  This 
expression  is  based  on  an  ideal  impulse  sampling,  but  is  equally  valid 
for  finite  width  samples.  The  sample  width  becomes  very  important  when 
the  switching  is  done  prior  to  the  high  gain  amplifiers  in  the  receiver.  In 
that  case,  the  sample  width  determines  the  gain  and  can  significantly 
degrade  the  noise  figure  in  a  practical  system.  The  amount  of  degradation 
depends  upon  the  bandwidth  and  noise  figure  of  following  stages  as  well  as 
preamplifier  gain. 


The  amplifier  following  the  sampler  must  have  a  wide  bandwidth 
or  crosstalk  will  result.  This  is  shown  in  the  following  paragraphs  by 
considering  ideal  filters  and  impulse  sampling.  The  single  channel  ampli¬ 
fier  bandwidth  is  denoted  by  X.  The  impulse  response  of  an  ideal  filter  of 
width  X  is  proportional  to 


h(t) 


ain  TT  tX 

TTiX 


(122) 


the  familiar  "sine  X  over  X"  characteristic.  The  function  is  maximum  at 
t  =  0  and  exhibits  zeros  at  integer  values  of  (tX).  Therefore,  an  appro¬ 
priate  choice  of  X  would  be  one  which  makes  the  response  due  to  all  past 
samples  identically  zero  at  the  instant  of  sampling. 

For  example,  consider  the  case  when  three  input  channels  of  band¬ 
width  B  are  to  be  sampled.  The  minimum  sampling  rat-  for  each  channel 
is  2B.  Thus,  a  total  of  6B  samples  per  second  are  required  to  characterize 
all  three  channels.  If  these  samples  are  equally  spaced  in  time  and  used  to 
drive  the  ideal  filter  of  bandwidth  X,  then  the  filter  output  due  to  all  past 
samples  can  be  made  zero  by  choosing  X  =  6B;  i.  e.  ,  when  t  =  N/6B  is  the 
time  of  sampling  (N  an  integer),  the  product  tX  =  N  is  always  an  integer. 

In  summary,  for  the  case  of  impulse  sampling,  using  equally  spaced  sampled 
samples  and  an  ideal  bandwidth  precisely  6  times  the  inverse  of  the  sampling 
rate,  there  is  no  crosstalk.  This  system  is  obviously  unrealizable,  but  it 
does  illustrate  the  lower  limit  on  bandwidth  required. 
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It  is  also  possible,  of  course,  to  use  nonuniform  and/or  non- 
identical  sampling  methods.  Any  change  from  uniform,  identical  sampling 
would  result  in  an  increased  amplifier  bandwidth  requirement.  It  might  be 
desirable,  for  example,  to  sample  the  sum  channel  many  times  for  each 
sample  of  the  difference  channel.  Since  it  is  always  necessary  to  sample 
the  difference  channels  at  a  rate  2B  or  higher,  the  overall  sampling  rate 
requirement  would  increase  and  the  bandwidth  of  the  amplifier  would  in¬ 
crease  accordingly.  In  the  event  the  samples  were  not  evenly  spaced, 
crosstalk  becomes  a  problem  which  can  be  alleviated  only  by  increasing 
the  amplifier  bandwidth. 

In  a  more  practical  situation,  finite  width  samples  would  be  used 
and  realizable  filters  would  be  required.  Under  these  conditions,  the 
sampling  puise  3hape  and  the  amplifier  filter  shape  can  be  selected  t^ 
minimize  overshoot^^^ ,  which  is  equivalent  to  reducing  crosstalk.  The 
present  problem  is  quite  severe,  however,  since  one  channel  (sum)  is 
normally  much  larger  than  the  others.  Asa  result,  the  signal  in  the  am¬ 
plifier  due  to  the  sum  channel  must  be  made  extremely  small  when  the 
difference  channels  are  being  passed. 

The  signals  in  the  bandpass  amplifier  are  sampled  in  a  switch  which 
is  synchronous  with  the  input  sampler.  The  three  switch  outputs  are 
filtered,  to  recover  the  initial  signal,  and  then  correlated  to  obtain  the 
pointing  error  signals.  The  switching  design  problem  is  directly  related 
to  the  input  filter  bandwidth.  Impulse  sampling  would  require  that  the 
switching  time  (the  time  required  to  switch  off  input  1  and  switch  on  input 
2)  be  negligible  compared  to  1/6B.  In  a  finite  sampling  system;  a  switch¬ 
ing  time  which  is  short  compared  to  1/6B  would  be  desirable,  with  a 
switching  time  of  one -half  the  sampling  tin\e  representing  an  upper  limit 
in  a  practical  system. 

Since  the  input  filter  bandwidth  is  a  key  element  in  the  TDM  system, 
the  practical  limitations  on  this  filter  must  be  considered.  Minimum 
duplication  of  circuitry  and,  therefore,  maximum  benefit  from  the  single 
channel  technique  is  obtained  by  placing  the  filters  and  switches  as  close 
(electrically)  to  the  antenna  as  possible.  If  the  filters  preceed  preamplifi¬ 
cation,  then  insertion  loss  is  of  prime  importance,  since  it  contributes 
directly  to  sum  channel  degradation.  An  X-band  limitation,  considering 
realizable  unloaded  Q  (resonator  quality  factor)  to  be  in  the  order  of  10  to 
20,  000  in  a  practical  size,  would  then  be  a  minimum  bandwidth  of  10  to  20 
MHz.  Even  a  simple  filter  (and  thus  a  very  poor  approximation  to  the 
necessary  bandlimiting  filter)  would  exhibit  several  tenths  of  a  dB  inser¬ 
tion  loss.  Considering  this  optimistic  condition,  a  10  MHz  bandlimited 
signal,  the  switching  time  must  be  much  less  than  16  nanoseconds  and  the 
a...  ^.Jier  bandwidth  must  be  much  greater  than  60  MHz.  It  appears,  then, 
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that  X-band  switching  is  not  practical,  considering  the  present  state-of-the- 
art  (note  that  the  insertion  loss  of  the  switch  must  also  be  very  low  to  pre¬ 
vent  sum  channel  degradation). 

More  reasonable  parameters  are  available  when  switching  is  done 
at  an  intermediate  frequency.  In  the  limit,  the  filter  bandwidth  is  restrict¬ 
ed  by  the  signal  bandwidth  (when  AFC  is  used)  or  by  the  frequency  uncertain¬ 
ty  (oscillator  stabilities  and  Doppler  shifts)  plus  the  signal  bandwidth.  In 
the  present  case,  the  minimum  bandwidth  is  approximately  200  kHz,  as 
limited  by  signal  characteristics.  The  resultant  switching  required  is  a 
time  less  than  0.8  microseconds.  The  amplifier  bandwidth  must  be  much 
greater  than  1.  2  MHz.  When  AFC  is  not  used,  the  bandwidth  must  be 
nearly  400  kHz,  due  principally  to  Doppler  shifts.  In  this  case,  the  switch¬ 
ing  time  must  be  much  less  than  0.4  microseconds  and  the  amplifier  band¬ 
width  must  be  greater  than  2.4  MHz.  A  summary  of  the  three  cases,  X-band 
switching,  IF  switching  with  AFC,  and  IF  switching  without  AFC  is  shown 
in  Table  11. 

The  block  diagram  of  a  practical  TDM  SCMTR  is  shown  in  Figure  46. 
This  system  uses  three  RF  amplifiers  and  mixers  and  does  the  switching 
at  an  intermediate  frequency.  It  is  apparent  from  the  block  diagram  that 
the  implementation  is  relatively  complex.  The  basic  technique  is  inferior 
to  other  techniques  in  both  performance  and  equipment  complexity.  In  short, 
the  use  of  TDM  is  not  recommended  in  the  design  of  a  single  channel  mono¬ 
pulse  tracking  receiver. 
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TABLE 

11 

TDM  FILTER,  SWITCH, 

and  BANDWIDTH  REQUIREMENTS 

X-Band 

IF  Switching 

IF  Switching 

Switching 

with  AFC 

;»  AFC 

Realizable  Filter 
Bandwidth 


Switching  Time 


Amplifier  Bandwidth 


10  MHz 


200  kHz 


>>  16  nsec  >>0.8  usee 


>  60  MHz  I  >1.2  MHz 


400  kHz 


»0,  4  u  sec 


>2.4  MHz 


Figure  46  Time  Division  Multiplex  Block  Diagram 


SECTION  XI 


FDM  (FREQUENCE  DIVISION  MULTIPLEX 

1.  BASIC  SYSTEM 

The  basic  FDM  (Frequency  Division  Multiplex)  technique  is 
illustrated  in  block  diagram  form  in  Figure  47.  The  sum  and  difference 
signals  are  mixed  with  the  frequencies  f]  ,  f £,  and  f^  such  that  their 
individual  spectra  do  not  overlap.  Actually,  intermodulation  require¬ 
ments  dictate  the  exact  frequencies  as  will  be  discussed  later.  The 
signals  are  added  in  a  linear  summing  circuit  and  fed  to  a  single  IF 
amplifier.  The  IF  output  is  supplied  to  three  bandpass  filters  with 
center  frequencies  fj,  f^,  and  f^.  The  sum  channel  is  applied  to  a 
detector  and  AGC  amplifier  with  a  reference  DC  voltage  to  develop  AGC 
for  the  IF  amplifier.  The  desired  effect  is  one  of  normalization,  such 
that  the  output  from  the  error  detector  is  independent  of  the  received 
signal  level. 

The  sum  channel  is  mixed  to  the  centei  irequency  f;>  and  used 
as  a  reference  in  the  phase  sensitive  error  detectors.  The  input  signals 
for  each  detector  are  centered  at  f^,  where  the  output  from  the  bandpass 
filter  f 3  is  mixed  with  the  frequency  (f ^ -f 3)  before  the  detector.  The 
normalization  process,  using  the  sum  channel  for  the  AGC,  will  depend 
upon  the  performance  of  the  detector  in  the  AGC  loop  in  the  presence  of 
low  SNR's  in  the  sum  channel.  Some  of  the  more  common  detection 
schemes  have  been  compared  in  Section  VTII. 

The  basic  FDM  method  will  provide  a  single  channel  system  with 
potentially  equivalent  performance  to  three  channel  monopulse.  The 
equipment  requirements  are  quite  severe,  however.  A  particularly 
interesting  problem,  common  to  all  monopulse  systems,  is  one  of  nor¬ 
malization  (see  Section  VIII).  The  combination  of  the  normalization 
problem  and  the  FDM  technique  led  to  consideration  of  the  SCAMP  tech¬ 
nique,  a  special  case  of  the  general  FDM  method, 

2.  SCAMP 

A  technique  which  utilizes  the  normalization  phenomena  which 
occurs  when  two  or  more  signals  of  unequal  amplitude  are  passed  through 
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a  common  hard  limiter  has  been  proposed'  .  This  technique  has  been 
named  SCAMP  -  Single  Channel  Monopulse  Processor,  and  is  shown  in 
basic  form  in  Figure  48.  There  are  characteristics  of  this  basic  system 
which  appear  directly  applicable  to  monopulse  radar  systems.  Monopulse 
radar  systems  incorporate  methods  for  precision  direction  finding  by 
simultaneously  comparing  the  energy  incident  on  two  or  more  antennas 
(or  patterns).  If  these  signals  are  compared  by  taking  the  ratio  of  one 
signal  to  another,  problems  of  amplitude  and  phase  vaiiations  are  mini¬ 
mized.  Under  certain  conditions,  the  SCAMP  system  provides  this 
function  on  an  instantaneous  basis  using  rather  unsophisticated  equipments. 

The  basic  SCAMP  system  consists  of  a  linear  summing  circuit 
followed  by  a  hard  limiter  which  is  in  turn  followed  by  bandpass  filters.  The 
summing  circuit  allows  the  signals,  which  are  far  enough  separated  that 
their  significant  sidebands  do  not  overlap,  to  be  linearly  added  prior  to  pro¬ 
cessing  through  a  single  channel.  After  limiting  the  composite  signal  is 
routed  to  bandpass  filters.  The  filters,  one  for  each  signal,  must  be  pre¬ 
selected  to  match  the  center  frequency  and  bandwidth  requirements  of  a 
particular  signal . 

A  monopulse  system  which  incorporated  the  SCAMP  processor  is 
shown  in  Figure  49.  Since  the  three  signals  are  to  be  processed  in  a  single 
channel  they  must  be  converted  to  center  frequencies  which  differ  by  at  least 
twice  the  information  bandwidth  of  the  signals.  The  outputs  of  these  mixers 
are  at  "IF"  frequencies.  At  this  point,  the  signals  are  linearly  summed 
(equivalent  to  the  summing  point  in  the  "Basic  SCAMP  Processor"  of  Figure 
48),  and  passed  through  the  SCAMP  processor  to  the  section  which  converts 
the  three  signals  back  to  their  mutually  coherent  state.  After  this  point, 
the  signals  are  detected  and  the  information  routed  to  the  tracking  logic. 


As  will  be  noted  from  Figure  48,  the  forms  of  the  output  signals 
from  the  SCAMP  processor  are: 

sin  (CJj  t  +  0 ^ (t)  ) 


' 2  (t) 


LAj(t) 


sin  (CO  2  *  +  $2  ^ 


(123) 


The  signal  S'j  corresponds  to  the  sum  channel  signal  of  Figure  49, 
and  it  is  assumed  that  its  amplitude,  Aj(t)  is  larger  than  either  of  the 
amplitudes  (A 2  and  A3)  of  the  signals  which  correspond  to  the  difference 
channel  signals;  i.e.,  S^  and  S'3.  The  factors  Kj  and  K2  are  parameters 
dependent  upon  the  limiter  characteristic. 
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Basic  SCAMP  Proce 


MIXER 


r3tem 


These  approximations  for  the  SCAMP  processor  outputs  are 
valid  for  A^/Aj  (which  corresponds  to  the  ratio  of  a  difference  signals' 
amplitude  to  the  sum  signals'  amplitude  in  Figure  49)  less  than  about 
0.  5  and  for  the  condition  of  the  sum  channel  being  at  least  4  or  5  dB 
above  the  noise  level. 

Although  the  SCAMP  processor  seems  to  offer  a  significantly 
improved  technique,  it  has  several  characteristics  which  could,  depen¬ 
dent  upon  the  proposed  utilization,  cause  problems.  The  reasoning 
which  accounts  for  the  normalization  indicated  by  equation  (123)  and  for 
several  other  pertinent  characteristics  has  been  given  in  va Tying  degrees 
in  the  references  am*  20-25)^  Based  on  these,  consideration 

of  each  of  the  characteristics  relevant  to  the  FDM  system  of  Figure  49 
follow' s. 


The  normalization  phenomenon,  the  key  to  the  utilization  of  a 
limiter-bandpass  filter  scheme,  has  clearly  defined,  but  non-critical 
limitations  (See  Figure  50).  Figure  50  shows  that  as  the  SSR*  approaches 
unity,  the  normalized  output  signal  starts  increasing  and  the  other  output 
signal  starts  decreasing.  Considering  the  effect  on  the  system  of  Figure 
49,  this  phenomena  would  cause  a  negligible  shift  in  the  antenna  pointing 
angJe.  No  problem  areas  are  encountered  as  the  SSR  approaches  zero. 

Figure  50  also  shows  the  effect  of  input  SNR  on  the  normalization. 
For  cases  in  which  the  input  SNR  is  greater  than  unity,  the  normalization 
is  essentially  independent  of  the  SNR.  The  variation  noted  for  SNRs  less 
than  unity  may  be  neglected  since  one  is  not  generally  interested  in  slight 
angular  errors  (which  would  result  from  this  variation)  in  situations  of 
negative  SNR. 

Consideration  of  weaker  signal  suppression  (the  amount  that  the 
weaker  signal  is  suppressed  below  the  stronger  signal)  effects  leads  to 
an  analysis  of  the  variation  of  this  phenomena  as  a  function  of  input  signal- 
to-signal  ratio  (SSR)  and  input  signal-(larger)-to-noise  ratio  (SNR). 

Jones  (1^)  has  studied  the  effects  of  two  sinusoids  in  narrowband 
Gaussian  noise.  Figure  51  shows  the  relative  suppression  of  one  signal 
by  the  other  in  the  presence  of  noise,  and  it  is  ncted  that  for  signals 
buried  in  noise,  little  or  no  suppression  of  one  signal  by  another  takes 
place.  Whenever  the  large  input  SNR  is  10  dB  or  more  the  maximum 
suppression  is  6  dB  when  the  relative  signal  levels  at  the  input  (S^ /S^ ) 
is  equal  to  or  less  than  10”^.  For  larger  values  of  S2/S1,  approaching 


*  SSR  if  to  be  interpreted  as  weaker  signal-to- strcr.ge r  signal  ratio. 
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unity,  le.is  suppression  is  observed, with  none  at  all  for  S^/Sj  =  1. 

f  A  \ 

Shaft'  has  analyzed  the  situation  for  the  case  where  three  signals 
are  processed  through  ‘he  limiter  in  the  presence  of  noise.  Figure  52  shows 
the  suppression  when  there  are  one  strong  and  two  weak  signals  and  was 
plotted  from  data  obtained  by  Shaft.  The  signal  suppression  approaches 
5-1/2  dB  for  high  signal-to-noise  ratios  in  the  large  input  signal  channel. 
Also,  it  is  noted  that  the  weaker  signal  is  enhanced  at  low  SNR's  in  the 
large  signal  channel  for  03/S1  less  than  10”  . 

When  considering  the  limiting  effect  cn  SNR  produced  by  the  ideal 
bandpass  limiter,  it  should  be  noted  that  the  SNR  for  the  weak  signal  can 
be  degraded  below  that  at  the  limiter  input.  Figure  53  shows  the  ratio  of 
the  outp»t  SNR  to  the  input  SNR  as  a  function  of  the  larger  input  SNR,  with 
the  input  signal-to-signal  power  ratio  (S2/Sj)  as  a  parameter.  From  this 
figure,  the  output  SNR  to  input  SNR  lies  in  the  range  0  to  2  for  two  signals 
in  noise  as  compared  to  the  range  '77/ 4  to  2,  for  one  signal  input  SNR's 
equal  to  or  greater  than  one.  When  strong  noise  is  dominating  the  limiter  . 
the  SNR's  of  both  input  signals  is  decreased  by  a  factor  of  7T/ 4  (about  1  dB). 
When  one  signal  is  much  stronger  than  the  other  and  noise,  the  SNR  of  the 
strong  signal  increases  by  a  factor  of  2,  whereas,  the  SNR  of  the  weak 
signal  decreases  by  the  factor  1/2.  This  fact  can  be  obtained  from  Figure  53 
directly  by  noting  that  the  product  of  Sj /N)x  and  S2/Si)^  gives  Sz/NJ^.  Then, 
the  intersection  of  this  value  (on  the  abcissa)  of  Figure  53  with  the  recipro¬ 
cal  of  S2/Si)x  gives  S2/N)c  '(S2/N)j.  It  is  noted  that  when  the  two  signals 
are  of  equal  strength  (S2/S1  =  1)  and  much  stronger  than  the  noise,  the 
normalized  SNR  tends  to  zero  for  both  signals.  The  equal  output  SNR's 
are  large  compared  to  unity,  but  are  much  smaller  than  the  large  and  equal 
input  SNR's. 

Another  important  aspect  of  limiting  as  utilized  in  a  SCAMP  system 
is  that  of  intermodulation.  Figure  54  expresses  in  power  the  relationship 
of  the  strongest  intermodulation  product  (Zi^-i^)  to  the  weakest  output 
signal  level.  When  the  input  signal  strengths  are  equal  and  much  stronger 
than  the  noise,  the  strongest  intermodulation  {Zi^-iy)  is  9.  5  dB  below  either 
of  the  two  output  signal  powers.  However,  when  one  signal  is  much  strong¬ 
er  than  the  other  and  noise,  the  largest  intermodulation  product  is  about 
equal  to  the  weakest  output  signal  level.  The  strengths  of  all  intermodula¬ 
tion  products  fall  off  rapidly  with  decreasing  SNR,  and  for  the  larger  input 
SNR  equal  to  unity,  the  strongest  intermodulation  product  is  12  dB  or  more 
below  the  weakest  signal. 

Channel  orientation  has  a  significant  effect  upon  the  amount  of 
inter  modulation  present.  This  process  has  been  analyzed  and  evaluated 
experimentally'^'.  The  symmetrical  configuration  of  Figure  55  produces 
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much  higher  intermodulation  distortion  than  the  asymmetrical  configuration 
of  Figure  56. 

Since  low  order  intermodulation  products  account  for  the  majority 
of  the  total  intermodulation,  channel  orientation  such  that  these  products 
are  not  in-band  will  optimize  the  system  performance.  For  equal  channel 
spacing  A  f ,  third  order  intermodulation  will  occur  in-band  since  f^-^  +  Af 
and  Zfz'^l  =  fi  +  2 A  f  =  f^  in  Figure  56,  Likewise  Zf^-fj  =  f^-2  Af  =  fj 
results  in  sum  channel  intermodulation  products.  However,  no  low  order 
products  will  fall  in-band  for  the  AAz  (inrermost)channel.  If  conservation 
of  bandwidth  is  not  critical  then  the  location  of  the  AEE  channel  can  be 
moved  up  in  frequency  2  A  f  above  the  Aa^  channel  and  both  difference 
channels  are  free  of  the  lowest  order  intermodulation.  Fifth  order,  in  the 
form  of  3f2_2fj  =  fj  +  3  A  f  are  now  in-band  in  the  AEE  c^anne^»  which  may 
not  be  a  problem.  If  it  is,  the  A  channel  can  be  moved  up  in  frequency 
3  A  f  above  the  A AE  channel  and  the  fifth  order  products  avoided  at  the 
expense  of  increased  bandwidth.  For  the  case  of  interest  here,  low  order 
intermodulation  must  be  avoided  since  these  undesired  signals  have  levels 
approaching  that  of  the  weakest  signal  at  the  limiter  output. 

One  possible  system  configuration  using  the  SCAMP  technique  is 
shown  in  Figure  57.  The  inputs  from  the  antenna  array  are  supplied  to  the 
comparator.  The  comparator  functions  to  provide  the  three  outputs,  2,  , 

A  ,  and  Ael.  A  low  noise  amplifier  is  used  in  the  sum,  or  Data 
Translator  channel  to  provide  for  low  system  noise  temperatures  and  to 
further  enhance  the  relative  difference  in  signal  levels  into  the  limiter.  This 
is  desirable  to  provide  low  intermodulation  levels  relative  to  the  sum  signal, 
even  though  Figure  54  indictes  a  9.  5  dB  advantage  for  large  input  SNR's  if 
both  signal  levels  are  of  equal  strength.  The  small  signal  suppression  is 
maximum  under  these  conditions  but  this  can  be  compensated  for  during 
system  calibration. 

Since  low  SNR's  in  the  error,  or  small  signal  channels,  result  in 
noise  jitter  (angle  fluctuation  about  the  boresight,  or  mean),  these  SNR's 
are  important  only  from  the  standpoint  of  pointing  angle  error.  Pointing 
angle  error  is  mainly  a  function  of  the  sum  channel  SNR,  tnd  it  has  been 
shown1  '  that  for  a  sum  channel  SNR  of  1  5  dB  or  more  the  rms  angle 
error  is  less  than  one -hundredth  of  the  antenna  3  dB  beamw-.dth.  From 
these  considerations,  only  isolators  are  provided  in  the  error  channels 
before  the  first  mixer  to  prevent  local  oscillator  leakage  between  channels. 

The  FDM  (Frequency  Division  Multiplexer)  contains  the  oscillators, 
isolators,  and  mixers  used  to  translate  and  separate  in  frequency  the  three 
channels.  The  oscillator  fj  can  be  tunable,  or  replaceable,  to  permit 
extended  system  capability.  Care  must  be  exercised  in  the  selection  of 
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Figure  57  System  Configuration  Utilizing 
SCAMP  Technique 


channel  orientation  such  that  intermodulation  does  not  degrade  per- 
foimance  when  fj  is  changed  (assuming  no  spectra  overlap  is  introduced). 

The  exact  IF  (Intermediate  Frequency)  is  determined  by  spurious  analysis 
for  the  most  part,  but  is  normally  below  100  MHz.  Circuits  are  less 
critical  in  thii  range  and,  also,  transmission  loss  is  minimized  where 
long  cable  runs  are  involved. 

The  Error  Signal  Processor  provides  both  magnitude  and  phase 
information  to  the  servo  system  using  the  sum  and  difference  signals  and 
the  local  oscillator  injection  frequencies  ( ~ ^1 )  and^-^).  The  sum 
channel  signal  is  translated  from  the  center  frequency  fj  to  and  used  as 
a  reference  in  the  ptiase  sensitive  detectors  for  both  A  a*id  ^  Eh 
channels.  Also,  the  A^^  in  this  case  is  translated  to  the  center  fre¬ 
quency  f 2  before  the  phase  detector. 

The  main  effect  of  jamming  is  to  introduce  another  relatively  large 
signal  in  the  limiter,  assuming  that  the  signal  is  in-band  and  this  signal 
would  capture  the  normalization  phenomenon.  The  system  is  not  normally 
more  immune  to  unwanted  large  signals  than  any  other  system(s)  unless 
extra  precautions  are  used  prior  to  the  limiter. 

In  summary,  the  important  points  of  interest  in  SCAMP  are: 

SNR  degradation 

vVeak  signal  suppression 

Intermodulation  distortion 

Hardware  complexity 

The  first  three  nave  each  been  considered  in  detail,  and  they  present 
no  extreme  difficulty  in  achieving  satisfactory  system  performance.  The 
hardware  requirements  are  comparable  with  those  of  the  three  channel  mono¬ 
pulse  techniques,  and  somewhat  more  excessive  than  the  pseudo-monopulse 
case.  In  addition,  the  instantaneous  normalization  feature  is  not  an 
advantage  in  the  present  situation.  In  fact,  as  shown  in  Section  VHI,  the 
normalization  is  worse  when  the  SCAMP  technique  is  used.  It  appears,  then, 
that  the  general  FDM  technique  is  not  desirable  as  a  SCMTR,  under  the 
conditions  discussed  in  Section  II;  i.e.  ,  a  satellite  communications  terminal 
application. 


SECTION  XII 


PSEUDO  -  MONOPULSE 

1.  INTRODUCTION 

Pseudo-monopulse  is  a  hybrid  technique  which  is  neither  pure 
TDM  nor  pure  FDM.  The  term  pseudo-monopulse  has  been  previously 
applied  to  boresight  scanning  systems^^)  in  much  the  same  context 
as  the  present  usage.  The  basic  concept  then,  is  not  novel,  as  may  be 
noted  from  the  bibliography.  In  fact,  applications  of  the  basic  method 
are  presently  in  the  field  in  satellite  communications  terminals.  A 
detailed  evaluation  of  the  technique,  including  design  information,  has 
not  been  found.  The  purpose  of  this  section  is  to  provide  a  compilation 
of  basic  information  on  pseudo-monopulse ,  both  known  and  new. 

The  basic  system  block  diagram  is  shown  in  Figure  58.  The 
two  error  channels  are  combined  using  techniques  which  will  be  des¬ 
cribed  in  the  next  paragraph.  The  combined  error  channel  (different 
from  a  conventional  two  channel  monopulse  error  channel,  as  dis¬ 
cussed  in  Section  XIII)  is  then  linearly  combined  with  the  sum  channel 
to  provide  a  single  channel  system.  Performance  of  this  method  in  the 
presence  of  noise  is  discussed  in  the  remainder  of  this  section  and  in 
Appendix  II. 

2.  OPTIMUM  "Q- FUNCTIONS"  FOR  PSEUDO- MONOPULSE 

This  discussion  is  concerned  with  the  analysis  of  a  pseudo-mono- 
pulse  tracking  receiver  operating  in  a  thermal  noise  environment  and  the 
determination  of  the  optimum  properties  of  the  Q  functions.  These  Q  func¬ 
tions  for  the  azimuth  and  elevation  channels  are  shown  in  the  block  diagram 
of  Figure  58  where  it  is  seen  that  each  RF  error  voltage  is  multiplied  by 
its  respective  Q  function,  summed  together,  and  coupled  into  the  sum 
channel  to  constitute  the  single  channel  pseudo-monopulse  signal.  This 
signal,  corrupted  by  random  noise,  is  down -converted  to  an  IF  frequency, 
demodulated,  and  multiplied  by  the  Q  functions  which  produce  the  corre¬ 
sponding  azimuth  and  elevation  error  voltages  for  the  servo  electronics. 

It  is  noted  that  if  the  error  voltages  are  coupled  to  the  sum  voltage  with  the 
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same  RF  phase,  an  amplitude  modulated  signal  is  formed;  whereas,  if  the 
sum  and  error  channels  are  in  RF  phase  quadrature,  a  phase -modulated 
signal  is  formed.  Both  these  caszs  are  considered  in  the  following  dis¬ 
cussion.  In  addition,  the  random  noise  interference  is  shown  entering  the 
system  at  the  single  channel;  however,  elaboration  of  this  assumption  and 
the  pertinence  of  the  model  is  provided  in  a  following  paragraph. 

The  assumptions  appropriate  for  this  pseudo-monopulse  model 
and  pertinent  to  the  following  analysis  are  stated  in  this  paragraph.  The 
error  signals  are  low  pass  with  a  bandwidth  in  the  order  of  a  Hz  or  less. 

The  communication  signals  are  angle  modulated  on  the  carrier  (represent¬ 
ed  by  0(t)  in  Figure  58)  and  are  bandpass  signals  extending  from  a  few  hundred 
Hz  upward.  This  latter  assumption  is  generally  valid  and  is  required  for 
the  case  for  which  the  error  voltages  are  combined  in  RF  quadrature  for  a 
PM  scheme;  however,  this  assumption  is  not  required  for  the  AM  scheme. 

The  Q  functions  are  assumed  deterministic,  periodic  signals  having  a  band¬ 
width  such  that  spectral  interference  with  low  frequency  tracking  signals 
and  the  higher  frequency  communication  signals  (for  the  PM  case)  is  avoided. 
Finally,  the  operations  as  indicated  in  the  block  diagram  of  Figure  58  are 
assumed  ideal;  in  particular,  the  demodulator  is  assumed  an  ideal  AM  or 
PM  detector  as  would  be  approximately  the  condition  for  above -threshold 
operation. 

The  following  analysis  consists  of  writing  the  expressions  of  the 
output  error  voltages  for  the  system  of  Figure  58  and  inferring  the  optimum 
properties  for  the  Q  functions.  For  the  AM  case,  the  IF  signal  can  be 
written  as: 


,  Aj, 
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where  n(t)  is  the  additive  noise  which  is  a  sample  function  from  a  Gaussian 
random  process  having  uniform  spectral  height  over  the  band  of  interest. 
The  output  of  the  ideal  AM  demodulator  for  small  modulation  index  is  then 
given  by: 
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where  the  DC  term  due  ce  the  carrier  .a  removed  and  where  X  c(t)  is 
the  lov  pass,  in-phase  noise  representation.  Multiplication  by  (^(t) 
for  the  elevation  error  voltage  prior  to  low  pass  filtering  then  results  in. 
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For  the  PM  case,  the  IF  signal  can  be  written  as, 

e^  =  n(t)  ^~\fl  -  cos  (Wct  +  <?(t)  )  (127) 

+[(k  Qe(t)Ae  +  k  Qa(t)Ajj  cm  (Wct  +  0{t) 

and  the  output  of  the  ideal  PM  detector  assuming  ideal  limiting  and  small 
modulation  index  is  thus, 


=  /.  cos  <  W  t  +  0(t)  - 


kA, 


'1  -  k 


C  /*'  _ 

v'e  ‘  ' 


kA; 


Qa(-)  + 


X.M 


VTTi2 


Cl  28) 


where  A  8(t)  is  the  low-pass,  quadrature  representation  of  the  noise.  The 
output  of  the  elevation  Q  detector  then  follows  as. 
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This  expression  for  the  PM  case  is  thus  seen  to  be  identical  to  that  for  AM 
with  the  same  properties  of  in-phase  and  quadrature  noise  terms  -  Xc^ 
aEd  X  s(i )  >  respectively. 


The  error  signal,  63  or  e^,  is  then  applied  to  a  low  pass  filter  or 
integrator  such  as  the  servo  subsystem  would  provide  and  this  output 
is  desirably  high  signal-to-noise  ratio  for  optimum  tracking  performance. 
The  first  term  of  63  01  e £  after  filtering  or  integration  is  the  desired 
signal  and  it  is  desired  that  this  term  be  a  maximum  time -invariant  constant, 
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(130) 


by  the  choice  of  Q  functions  where  T  is  the  equivalent  integration  time 
determined  by  the  low  pass  filter.  The  second  term  of  e3  or  e^  after 
integration  represents  cross -coupling  interference  and  it  is  desired  that 
this  term  be  approximately  zero  as, 


(131) 


The  third  term  of  e^  or  e^  after  filtering  represents  the  noise  which  is 
effective  in  producing  an  angular  jitter  in  the  antenna.  It  can  be  argued 
that  the  product  term  X  s(t)  Qi(t)  represents  convolution  of  the  individual 
spectra  and  for  Qi(t)  narrow  band  compared  to  X  s(t)  (°ne  c f  the  assump¬ 
tions),  the  spectral  density  at  low  frequencies  is  uniform  with  height 
proportional  to  the  integral  of  Q^(t),  The  conclusion  is  that  this  term  is 
not  important  to  the  optimum  Q  function  determination  since  the  spectrum 
is  not  changed  appreciably  for  different  Q  functions  and,  although  the 
noise  power  increases  with  the  energy  of  the  Q  function,  the  signal  power 
increases  as  the  square  of  this.  Thus,  Equation  (130)  is  a  sufficient 
constraint  for  both  the  first  and  third  terms  and  Equation  (131)  is  the 
constraint  for  the  second  term. 

Under  the  assumed  conditions,  then,  the  optimum  Q  functions 
are  those  which  are  approximately  orthogonal  and  have  maximum  energy 
for  a  time  comparable  to  the  integration  time.  It  is  desirable  to  place 
further  restrictions  on  the  multipliers  and  adder  to  limit  the  difficulties 
of  practical  realization.  The  intent  of  these  restrictions  is  to  prohibit 
the  use  of  RF  amplifiers  or  other  noise -gene rating  devices  in  this  portion 
of  the  system. 
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The  restriction  to  be  placed  on  the  scanner  unit,  then,  is  that 
it  be  "instantaneously  passive".  The  term  "instantaneously  passive" 
means  that,  for  a  time  long  compared  with  the  period  of  the  carrier  the 
scanner  acts  as  a  passive  circuit  in  the  conventional  sen&e.  The  circuit 
may  be  time-varying,  however,  as  long  as  these  variations  do  not 
significantly  affect  the  RF  bandwidth.  This  definition  allows  switches, 
diode  modulators,  ferrites,  motor  driven  elements,  and  other  semi-passive 
devices  to  be  used.  The  instantaneous  "gain"  of  the  device  must  not  ex¬ 
ceed  unity,  however,  to  be  consistent  with  the  definition. 

Within  the  above  restriction,  the  basic  limitation  on  passive  com¬ 
biners,  discussed  in  Appendix  I,  can  be  invoked;  i. e. ,  the  total  power 
out  is  limited  in  a  three  port  device.  In  equation  fo7.*m. 


Ge2  (t)  +  Qa2  (t)<  l 


(132) 


for  all  t.  In  particular,  when  an  equal  performance  requirement  is  placed 
on  the  two  error  channels,  the  average  power  out  due  to  either  error 
channel  is  one-half  the  input  power  in  that  channel.  For  example,  con¬ 
sider  the  case  of  input  powers  of  Pj  and  in  the  azimuth  and  elevation 
error  channels  and  noise  powers  Nj  and  N2  in  the  same  channels.  The 
maximum  signal  power  out  wifi,  then  be. 


1  , 

~Y~  (pl  +  p2) 

and  the  noise  power  out  will  be, 

~  <Ni  +  N2) 


under  maximum  signal  power  conditions. 

Using  the  "instantaneously  passive"  argument,  the  output  must 
satisfy  the  above  conditions  at  any  time  and,  therefore,  must  satisfy  the 
conditions  on  a  long  term  average.  Note  that  the  concepts  in  the  "instan¬ 
taneously  passive"  definition  are  consistent  with  the  original  assumptions; 
i.e. ,  the  Q  functions  have  bandwidths  such  that  spectral  interference  with 
the  communications  signals  is  avoided. 

Three  different  sets  of  optimum  Q  functions  are  shown  in  Figure  59. 
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The  first  set  is  orthogonal  due  to  the  different  frequencies  of  Qj  and  Q£. 

The  sum  plus  unitY  f°r  all  time  so  the  maximum  energy  con¬ 

dition  is  satisfied.  Implementation  of  this  arrangement  could  be  accomplish¬ 
ed  using  ferrite  phase  shifters  to  obtain  the  phase  reversals  and  a  3  dB 
coupler  (reactive  power  didder)  to  sum  the  two  signals. 

The  second  set  of  signals  is  orthogonal  because  of  the  quadrature 
phase  relationships.  The  amplitude  conditions  and  implementation  is 
the  same  as  the  first  set. 

The  third  set  of  signals  is  orthogonal  since  one  of  the  two  functions 
is  always  zero.  The  other  function  is  unity,  so  the  maximum  energy  con¬ 
dition  is  satisfied.  Implt  mentation  could  be  accomplished  using  a  phase 
shifting  circuit  to  generate  waveforms  (as  in  the  generation  of  59(b))  follow¬ 
ed  by  a  switch  alternately  connected  to  the  two  inputs.  An  alternate  imple¬ 
mentation  is  possible  using  folded  hybrids  and  latching  phase  shifters  to 
accomplish  the  same  functions. 

Another  optimum  set  of  Q  functions  are  a  sine  wave  and  a  cosine 
wave,  both  with  unity  peak  amplitude.  The  sine  and  cosine  functions  are 
orthogonal,  as  desired,  and  the  total  energy  at  any  time  is  given  by, 


sin  +  cos 


2  =  1 


therefore,  the  maximum  energy  condition  is  satisfied  at  all  times.  This 
method  can  be  implemented  using  a  time  variable  coupling  device  such  as 
a  rotating  plate  in  crosspolarized  waveguide;  e.g.  ,  consider  a  circular 
guide  driven  orthogonally  (in  polarization)  by  the  two  error  signals.  A 
rotating  quarter-wave  plate  in  the  guide,  followed  by  a  linearly  polarized 
output  port  will  exhibit  a  sinusoidal  coupling  as  a  function  of  the  orientation 
of  the  plate  Thus,  when  the  plate  is  rotated  at  a  constant  speed,  the  de¬ 
sired  Q  functions  are  generated. 

One  other  desirable  property  of  Q  functions  can  be  seen  from 
equation  (124).  In  order  to  maintain  proper  normalization,  the  pointing 
error  signals  should  be  independent  of  received  signal  strength.  Normaliza¬ 
tion  is  normally  accomplished  by  maintaining  the  sum  channel  at  a  constant 
level.  It  is  desirable,  then,  to  have  the  average  contribution  to  the  envelope 
due  to  the  error  channels  equal  to  zero.  This  will  prevent  slow  changes  in 
normalization  factor  due  to  changes  in  pointing  error.  The  desired  pro¬ 
perty,  then,  is  that  the  average  values  of  both  Qj  and  Q2  equal  zero.  The 
Q  functions  illustrated  all  exhibit  this  property.  Note  that  simpler  circuits 
could  be  used  if  the  zero  average  value  constraint  were  not  imposed;  e.g.  , 
a  simple  switch  cycling  between  the  two  error  channels  would  provide 
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orthogonal,  maximum  energy  signals,  but  additional  phase  shifters  are 
required  to  obtain  zero  average  value.  An  additional  advantage  occurs 
in  the  demodulation  circuitry  when  zero  average  value  functions  are  used 
since  AC  coupling  can  be  used  without  the  need  for  DC  restoration. 

It  is  of  interest  to  examine  the  noise  which  appears  at  the  scanner 
output  when  the  input  is  noisey;  i.  e.  ,  antenna  noise  and  line  losses  are 
appreciable.  The  noise  power  out  is  given  by, 


N0  =  Qj2  Nj  +  Q22  N2 


(133) 


where  Nj  and  N2  are  the  noise  power  inputs  in  channels  1  and  2.  A  case 
of  particular  interest  occurs  when  Nj  and  N£  are  ^qual  power  and  indepen¬ 
dent.  Then,  under  the  "optimum i!  conditions,  +  Q2^  =  1,  the  noise 

power  out  is  constant.  This  result  is  compatible  with  the  model  used  in 
rhis  discussion,  which  verifies  the  original  assumptions. 

In  summary,  optimum  Q  functions  should  exhibit  three  basic 
properties: 


Orthogonality 
Maximum  energy 


fQl  (t)Q2(t)  dt  =  0 


Maximum  energy  Ql^  (t)  +Q2^  (*)  =  *  ior  1 

Zero  Average  value  fa  (t)  dt  =  Jq 2  (t)  dt  =  0 

where  the  integrals  are  evaluated  over  a  long  time  period.  The  first  two 
requirements,  and  sometimes  the  third,  will  also  produce  an  optimum 
two  channel  monopulse  system,  since  the  criteria  are  identical.  Fortunate¬ 
ly,  optimum  Q  functions  can  be  readily  obtained  in  practice  with  available 
hardware.  Selection  of  THE  most  desirable  functions  is  generally  depen¬ 
dent  upon  equipment  considerations,  and  nearly  optimum  Q  functions  should 
be  used.  An  improper  choice  can  degrade  the  system  significantly,  so 
care  must  be  taken  to  insure  that  the  three  basic  criteria  are  met. 

3.  PREAMPLIFIERS  IN  PSEUDO-MONOPULSE  RECEIVERS 


The  optimum  usage  of  preamplifiers  in  a  pseudo -mono pulse  sys;em 
is  the  subject  of  this  paragraph.  It  is  apparent  in  a  full  monopulse  system, 
for  example,  that  low  noise  preamplifiers  directly  influence  the  signai-to- 
noise  ratio  in  their  respective  channels.  The  effect  in  a  pseudo-monopulse 
system  is  not  so  easily  determined,  since  the  three  channels  are  ultimately 
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combined  to  form  a  single  channel.  Placement  of  preamplifiers  before 
and/or  after  combining  the  channels  causes  different  effective  signal-to- 
noise  ratios  at  the  output. 

Six  different  circuit  configurations,  in  addition  to  full  monopulse 
for  comparison,  are  analyzed  in  following  paragraphs.  These  configura¬ 
tions  are  neither  unique  nor  all-inclusive,  but  they  do  represent  most 
cases  of  practical  interest.  Although  this  analysis  does  not  include  all 
possible  noise  sources,  it  can  easily  be  e3:tended  to  any  desired  degree 
of  complexity.  Simplifying  assumptions  v/ere  made  to  facilitate  com¬ 
parison  of  the  various  techniques,  and  they  illustrate  the  relative  values 
of  the  different  configurations.  These  assumptions,  that  no  excess  noise 
is  added  in  combiners  and  couplers,  are  very  nearly  achieved  in  practice. 

The  building  blocks  used  for  the  systems  (see  Figure  60)  are 
amplifiers,  combiners,  and  couplers.  Each  amplifier  is  characterized 
by  a  power  gain  G  and  a  noise  temperature  T.  The  inputs  are  the  sum  and 
difference  channels  from  a  monopulse  feed-comparator  system,  and  are 
described  in  terms  of  signal  power  S  and  effective  antenna  noise  tempera¬ 
ture  T  .  Thus,  the  signal  power  out  of  the  amplifier  would  be  the  gain 
times  the  signal  power  in,  and  the  noise  power  out  would  be  the  gain  times 
the  sum  of  the  source  noise  temperature  and  the  amplifier  noise  tempera¬ 
ture.  The  effective  noise  temperature,  Te,  referred  to  the  input  terminals 
is  the  output  noise  temperature  divided  by  the  signal  power  gain  from  input 
to  output.  These  expressions  are  summarized  in  Figure  60-a. 

In  pseuio- monopulse  systems  of  most  general  interest,  the  perfor¬ 
mance  required  on  the  two  error  channels  is  identical.  Under  these  con¬ 
ditions,  and  utilizing  optimum  "Q-functions"  and  the  best  possible  passive 
combiners  (see  Appendix  I),  the  combiner  is  characterized  as  shown  in 
Figure  60 -b.  The  signal  power  out  due  to  an  input  signal  power  S£  is  S2/2. 
Similarly,  the  other  channel  input  power  is  divided  by  2.  The  output  noise 
temperature  is  then  one -half  the  sum  of  the  input  noise  temperatures.  Note 
that  in  the  specia.  case  of  equal  input  noise  temperatures,  the  output  noise 
temperature  is  equal  to  the  input  noise  temperature  on  either  channel. 

The  coupler  is  a  more  general  type  of  combiner  in  which  the  power 
gain  to  signal  1  is  (1  -  k^)  and  the  power  gain  to  signal  2  is  k^.  Thus,  the 
output  noise  temperature  is  characterized  as  shown  in  Figure  60- c.  Note 
that  the  combiner  is  a  coupler  with  k^  -  1/2.  The  coupler  has  been  shown 
in  Appendix  I  to  be  optimum  in  the  same  sense  as  the  combiner.  Thus,  the 
building  blocks  are  both  theoretically  optimum  and  practically  realizable; 
e.g.  ,  the  combiner  could  be  a  hybrid  or  magic  tee  and  the  coupler  could  be 
a  directional  coupler. 
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Figures  61-67  show  the  configurations  being  considered  and  the 
appropriate  signal  and  noise  temperature  expressions.  In  all  cases,  Sj 
refers  to  the  sum  channel,  Sno  refers  to  the  output  signal  n,  and  the 
effective  noise  temperature,  Ten,  refers  to  the  noise  temperature  re¬ 
ferenced  to  input  channel  n.  Only  one  difference  channel  equation  is 
derived  since  the  performance  of  the  two  channels  lias  been  stipulated  to 
be  identical.  In  order  to  evaluate  the  various  techniques,  two  types  of 
amplifiers  are  being  c  msidered;  the  unit  characterized  by  Gj,  Tj  would 
be  a  low  noise  preamplifier,  whereas,  the  unit  G2,  T2  represents  a 
higher  noise  figure  receiver.  Thus,  the  number  of  Gj,  Tj  units  required 
is  a  measure  of  tl.  complexity  of  the  method. 

The  first  method  shown  is  a  full  monopulse  receiver  with  pre¬ 
amplifiers  in  each  channel  (see  Figure  61).  This  case  serves  as  a  basis 
for  comparison  of  performance,  since  all  other  configurations  have  worse 
signal-to-noise  ratios.  The  performance  of  all  three  channels  is  identical, 
of  course,  and  the  effective  noise  temperature  referred  to  the  input  termin¬ 
als  is,  for  large  values  of  Gj,  essentially  determined  by  T^  and  Tj. 

The  first  pseudo- monopul se  configuration,  shown  in  Figure  62  uses 
three  preamplifiers.  A  comparison  of  this  technique  with  full  monopulse 
shows  difference  in  the  noise  characteristics  determined  solely  by  the 
coupling  factor.  Another  configuration,  shown  in  Figure  63,  uses  a  single 
preamplifier  following  the  coupler.  It  is  interesting  to  note  that  the  per¬ 
formance  of  this  circuit  is  identical  to  that  of  the  previous  circuit,  but 
two  less  preamplifiers  are  required!  Thus,  as  long  as  the  assumptions 
are  valid  (i,e.  ,  the  combiner  and  coupler  are  nearly  ideal)  circuit  #2  would 
always  be  preferred  over  circuit  #1. 

Figure  64  shows  a  configuration  with  three  preamplifiers,  but 
arranged  differently  from  circuit  #1.  Figure  65  shows  a  circuit  with  two 
preamplifiers  which  have  identical  performance  to  the  previous  circuit. 
Thus,  for  the  assumed  ideal  combiner  situation,  circuit  #4  would  always 
be  preferred  over  circuit  #3. 

Figure  66  illustrates  an  alternate  use  of  a  single  preamplifier. 
Figure  67  illustrates  an  alternate  use  of  two  preamplifiers.  The  above 
circuits  represent  all  practical  configurations  which  would  provide  good 
signal-to-noise  ratios  in  a  pseudo-monopulse  system. 

In  order  to  evaluate  the  relative  merits  of  these  circuits,  some 
simplifying  assumptions  will  be  made.  In  the  event  these  assumptions 
do  not  fit  a  particular  situation,  the  appropriate  values  of  G,  k,  and  T's 
can  be  used  in  the  general  expressions  in  Figures  61  -  67.  The  compari¬ 
son  technique  will  be  to  examine  the  equivalent  noise  temperatures,  referr- 
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ed  to  the  appropriate  input  terminals,  and;  (1)  compare  the  performance 
to  full  monopulse  and  (2)  compare  the  difference  channel  performance 
under  the  conditions  of  equal  sum  channel  degradation. 

Consider  first  the  comparison  of  circuit  #2  (which  in  identical  to 
circuit  #1)  with  full  monopulse.  The  ratio,  ^  channel  noire 

temperature  for  circuit  #2  to  sum  channel  noise  temperature  in  full 
monopul se  is  then. 


1  - 


(134) 


The  ratio  of  difference  channel  noise  temperatures,  A2p,  *8> 


(135) 


The  sum  channel  performance  is  worse  than  full  monopulse  by  a 
small  factor  (equal  to  the  insertion  loss  of  the  coupler).  The  difference 
channel  is  worse  than  full  monopulse  by  a  relatively  large  factor,  3  dB 
plus  the  coupling  loss  of  the  directional  coupler. 

Consider  next  a  comparison  of  circuit  #2  and  circuit  #4  (which 
is  identical  with  circuit  #3).  Equating  the  sum  channel  noise  temperatures 
yields 


ta  +  T1  +  T2  /Gx  Ta(1  -  k42)  +  Gjk42  (TA  +  Tx)  +  Tj  +  TZ!GX 
_ =  - - - - - (136) 


1  -  k. 


1  -  k. 


The  ratio  A  42  of  the  circuit  #4  difference  channel  equivalent  noise 
temperature  to  that  of  circuit  #2  is, 


A  =  2 

42  - 


Glk4 


TA  (!  -  k4  )  +  Gjk/  (TA  +  Tx)  +  Tj  +  T2/G! 


Ta  +  Tj  +  T-^lG^ 


(137) 
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Combining  equations  (136)  and  (13?)  yields. 


T  +  T1  +  T2^g1 
42  =  Gj  (Ta  +  TX) 

!  +  T2  (138) 

G1  <TA  +  Tj) 


The  difference  channel  performance  is  nearly -identical  for  the  two  circuits. 
When, 


then  circuit  #4  will  be  superior  to  circuit  #2.  These  conditions  are  likely 
in  a  well  designed  system,  corresponding  to  a  large  ratio  of  T2  to  Tj 
and/or  a  large  gain  G^.  The  overall  improvement  is  extremely  small, 
however,  and  is  easily  outweighed  by  the  complexity  of  the  additional  pre¬ 
amplifier  required  in  circuit  #4. 

Consider  next  circuit  #5  as  compared  with  circuit  #2,  Again, 
equating  the  sum  channel  performance,  one  finds, 


Ta  +  Ti  +  Tz/'Gj  <TA  +  Tx)  Gi  (1  -  k52)  +  TAk52  +  T2 


Gi  (1  -  V) 


(139) 


The  ratio  of  the  difference  channel  equivalent  noise  temperature  in 
circuit  #5  to  that  in  circuit  #2  is, 


2  r- 
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52 


G,  (1  -  +  TAk52  +  T. 


tA  +  T1  +  T2/Gl 


(140) 


Combining  equations  (139)  and  (140)  yields. 


A 


52 


TA  +  T2 

TA  +  Tj  +  T2/Gl 


(141) 


Since,  in  most  cases  of  interest,  Tj  is  considerably  less  than  Tj  and 
T2/G1  is  less  than  Tj,  A  52  will  be  greater  than  unity.  In  the  limit, 
when  is  small,  A 52  can  become  large  compared  to  one.  Thus, 
circuit  #5  is  inferior  in  performance  to  circuit  #2. 

Fiually,  consider  circuit  #6  which  requires  two  preamplifiers. 
Equating  the  sum  channel  equivalent  noise  temperature  to  that  of  circuit 
#2  gives, 


TA  +  T!  +  T2/Gl 


1  -  k. 


Gj  (1  -  k62)  (Tj  +  Ta>  +  TAk62  +  Ti  +  T2/Gj 

ga  (i  -  k62) 


(142) 


The  ratio  of  the  difference  channel  noise  temperature  is, 

G,  (1  -  k62)  (Tj  +  Ta)  +  TA  k62  +  T,  +  T2/G, 
Ta  +  T1  +  T^/Gj 

Combining  equations  (142)  and  (143)  yields, 

TA  k62  +  Ti  +  T2  (1/Gj  +k62  -  1) 

a62  =  - 1 - - - 

k6  <TA  +  ti  +  T2/G1 ) 


(143) 


(144) 


Equation  (144)  cannot  be  simply  interpreted  without  recognizing  that,  fcr 
circuit  #6,  the  receiver  noise  contribution  (T2)  should  be  very  small  and 
the  coupling  factor,  k^,  should  approach  unity.  When  the  contribution 
from  T2  can  be  neglected, 
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Thus,  when  effects  of  T2  are  neglected,  the  performance  is  inferior  to 
that  of  circuit  #2  by  a  small  amount.  Since  circuit  #6  requires  two 
preamplifiers,  circuit  #2  would  be  a  preferred  configuration. 

In  summary,  the  relatively  simple  configuration,  circuit  #2,  which 
requires  only  one  preamplifier  has  been  shown  to  be  equal  or  superior 
to  all  other  pseudo- monopulse  configurations.  This  circuit  has  also  been 
compared  with  full  monopulse,  to  determine  the  degradation  due  to  noise. 
This  comparison,  as  shown  in  equations  (134)  and  (135),  illustrates  the 
tradeoff  between  sum  channel  degradation  and  difference  channel  (pointing 
error  due  to  noise)  accomplished,  both  theoretically  and  in  practice,  by 
simply  varying  the  value  of  the  coupler  k.  As  an  illustration,  consider 
the  use  of  a  10  dB  coupler;  i.e. ,  k  =  0. 1.  Then  the  sum  channel  degrada¬ 
tion  ie4 


_  =  _ _  or  0.46  dB 

1  -  0. 1  0.? 


(146) 


and  the  difference  channel  degradation  is, 


=  _1_  =  20  or  13  dB 

0.1 


(147) 


Other  values  of  couplers  will  produce  less  sum  channel  degradation  and 
greater  difference  channel  degradation  (for  smaller  coupling  factor)  or 
vice-versa  (for  larger  coupling  factor).  Iv  should  be  noted  that  the  com 
parison  with  full  monopulse  did  not  restrict  the  values  of  T  or  G  in  any 
way. 
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SUMMARY 


The  basic  properties  and  design  requirements  of  pseudo-mono- 
pulae  systems  have  been  considered.  Performance  characteristics  in 
the  presence  of  noise  have  been  utilized  to  determine  the  optimum  Q 
functions  and  the  most  practical  preamplifier  configuration.  A  more 
rigorous' development  of  the  performance  in  the  presence  of  noise  is 
found  in  Appendix  II.  Although  this  Appendix  utilizes  a  specific 
sampling  (Q)  function,  it  was  shown  in  the  preceeding  sections  that 
equivalent  performance  is  obtained  for  other  Q  functions  satisfying 
prescribed  constraints.  Also,  the  performance  of  pseudo-monopulse 
was  compared  with  full  monopulse,  and  the  tradeoff  between  sum 
channel  degradation  and  difference  channel  degradation  was  described. 

The  tradeoff  is  easily  accomplished  in  practice  by  changing  a  single 
component  -  a  directional  coupler.  A  more  sophisticated  method  would 
use  a  variable  coupling  directional  coupler  to  provide  an  adaptive 
control  system;  i.e.  ,  the  tracking  performance  couid  be  adjusted, 
either  manually  or  as  a  function  of  received  signal  characteristics. 

Precomparator  and  postcomparator  errors  were  not  explicitly 
discussed  in  this  section,  but  they  are  important  parameters  in  a 
tracking  system.  The  precomparator  errors  are  identical  to  those  of 
full  monopulse,  since  the  pseudo-monopulse  system  uses  a  full  mono¬ 
pulse  comparator.  The  postcomparator  errors  can  be  maintained  very 
low  since  a  single  channel  receiver  is  used.  Thus,  only  the  scanner 
and  coupler  phase  and  amplitude  characteristics  will  significantly 
affect  th<  postcomparator  errors.  In  this  respect,  the  technique  is 
generally  superior  to  full  monopulse. 

One  limitation  to  the  pseudo-monopulse  technique  is  that  inter¬ 
ference  with  the  data  channel  must  be  avoided.  This  is  most  easily 
accomplished  by  selecting  Q  functions  with  spectra  which  do  not  overlap 
the  signal  spectrum.  An  additional  possibility  is  to  couple  the  error 
signals  such  as  to  create  a  modulation  in  quadrature  with  the  basic 
data  modulation;  i.e.  ,  create  AM  when  the  data  is  FM  and  vice-versa. 
When  interference  between  tracking  and  data  signals  cannot  be  avoided 
at  the  low  end  of  the  spectrum,  it  is  possible  to  use  scanning  signals 
with  higher  frequency  spectra  than  the  information  bandwidth.  This  is 
not  generally  as  desirable,  since  hardware  problems  may  be  created 
and  the  normalization  problem  is  somewhat  enhanced. 

The  pseudo-monopulse  technique  has  been  shown  to  be  generally 
applicable  to  satellite  communications  terhiinal  design.  The  implementa¬ 
tion  is  relatively  simple  and,  in  most  practical  cases,  the  degradation 
in  performance  is  not  appreciable.  The  technique  is,  in  simplest  terms, 
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an  electronic  scanning  system,  and  as  such  is  a  modern  version  of 
mechanical  lobing  techniques.  The  versatility  of  the  method- scanning 
rate,  waveform,  amount  can  be  readily  changeu  -  and  the  simplicity 
of  the  hardware  required  make  pseudo- monopulse  a  desirable  technique 
for  the  purposes  considered  in  this  study. 
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SECTION  XIII 


AMPLITUDE  and  phase  errors  in  a  two- 
CHANNEL  PHASE  MONOPULSE  ANTENNA 

I.  INTRODUCTION 

In  various  applications,  such  as  wideband  satellite  communication, 
the  full  capability  of  a  three  -  channel  monopulse  system  may  not  be 
necessary.  In  such  cases,  the  single -channel  monopulse  is  attractive 
because  of  its  simplicity.  The  dual-channel  monopulse,  in  which  the  two 
error  channels  are  multiplexed  into  a  single  error  channel,  offers  another 
alternative  with  intermediate  performance  and  complexity  characteristics. 

There  are  two  important  methods  of  multiplexing  the  error  signals. 
One  method,  called  phase  multiplexing,  consists  of  the  simple  addition 
of  the  two  error  signals  in  AF  phase  quadrature.  This  addition  can  be 
performed  with  a  magic-tei  and  a  phase  trimmer.  The  second  method, 
referred  to  as  time  multiplexing,  consists  of  switching  alternately  be¬ 
tween  the  two  error  signals  at  some  rate  well  in  excess  of  the  servo 
bandwidth  necessary  for  pr  >per  tracking. 

Eoth  methods  of  multiplexing  decrease  the  effective  error  channel 
signal-to-noise  ratio  by  3  dB  with  reference  to  a  three-channel  monopulse 
having  the  same  noise  figure.  It  is  clear  that  with  perfect  time  multi¬ 
plexing  a  two- channel  monopulse  is  affected  by  phase  and  amplitude  un¬ 
balance  in  the  same  way  as  a  three-channel  monopulse.  Imperfect  multi¬ 
plexing  due  to  poor  switch  isolation  or  timing  errors  in  the  demultiplexer 
will  cause  crosstalk  but  these  effects  can  be  made  small  without  serious 
design  difficulty. 

The  phase  multiplex  system  responds  quite  differently  to  pre - 
comparator  and  postcomparator  phase  and  amplitude  unbalance.  For 
example,  in  a  three  -  channel  phase  monopulse  system  the  effect  of  pre¬ 
comparator  amplitude  unbalance  is  to  produce  a  finite  null  depth  but  no 
borcsight  error  results  unless  postcomparator  phase  shift  is  also  present. 
With  a  phase  multiplexed  two- channel  system, amplitude  unbalance  in  one 
plane  (elevation)  causes  a  bore  sight  shift  in  the  other  (azimuth),  even  in 
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the  absence  of  postcomparator  phase  shift.  The  effect  of  phase  and 
amplitude  unbalances  in  a  two-channel  phase  multiplexed  phase  mono¬ 
pulse  are  analyzed  below: 

2.  ANALYSIS 

Consider  a  four-element  phase  monopulse  array  with  the  phase 
centers  lying  on  a  square  in  the  X-Y  plane  (see  Figure  68).  The 
diagonal  of  this  square  is  2a  long  and  the  coordinates  of  the  target  are 
R,  \fj  t  'Y  •  The  distance  Rj  from  the  target  to  a  phase  center  with 
coordinates  (xj,  yj,  0)  is, 

R^2  =  (R  sin  $sin  y  -  xja  +  (R  sin  $cos  y-  yja  +  R2cos2(i 

=  Ra  +  x.2+  y.a  -  2R  sin  s  (x.  sin  v+  y.  cos  v). 
i  i  i  i 

With  R  >  >  x  ;  R  >  >  y 

i  i 

R.  =  R  -  sin  *  (x.  sin  v  +  y  cos  y). 

i  i  7i 

The  phase  shift  from  the  target  to  the  i**1  phase  center,  minus 'the 
phase  shift  to  the  center  of  the  array,  is, 
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sin  If  cos  y  =  u, 
sin  f  sin  y  =  v, 
sin  f  sin  y  =  -v, 
sin  cos  y  =  -u. 


(148) 


Now  let  all  elements  have  the  same  voltage  gain  gQ(u,  v)  (which 
depends  on  polarization  of  the  target).  The  voltage  gain  of  the  i**1  element, 
located  as  shown  in  Figure  68,  can  be  written  as  (neglecting  mutual 
coupling) 


gi(uj  v)  =  Ax  gQ  (U>v)  ej(u+9l) 
ga  (vij  v)  =  Ajg  (ujv)  e^V+®a^ 
g3(uj  v)  =  A3  (ujv)  e'^V‘  03  ^ 
g4  (Uf  v)  =  A4  gQ  (Ujv)  e“j{u_0*) 


(149) 


Ideally,  Aj  =  l  and  %  =  0. 
tude  unbalance  and  9  ^  0 


Ai  ^  1  represents  precomparator  ampli- 
represents  precomparator  phase  unbalance. 


Figure  69  shows  a  possible  form  of  a  two-channel  mononulse 
comparator.  Note  that  diametrically  opposite  elements  are  applied  to 
the  ieft  pair  of  magic-tees.  One  might  also  apply  4  and  2  to  the  top 
left  magic-tee,  etc.  ,  but  this  would  lead  to  the  use  of  five  magic-tees 
compared  to  four  for  the  same  overall  operation. 


ith  Ai  =  i  and  Si  =  0  the  output  of  the  error  channel  has  a 
m  gmtude  proporimnai  to  sin^and  a  phase,  with  respect  to  the  sum 
nne  p  se,  equal  to  y  .  To  see  this,  substitute  (149)  in  the  com¬ 
parator  output  signal  expressions  given  in  Figure  69.  The  sum  signal 


1  and  0; 


18 1 


gs  =  Sq  (uJvHcos  u  +  cos  v) 

and  the  error  signal  is, 

ge(u>v>  =  g0  (u*v>  U  sin  u  -  sin  v]. 

Assuming  that  u«l,  v«l,  (150)  and  (151)  can  be  written  as 

gs(u>v)  =  2g0(u,v) 

6e(uJv)  =  j  sin  ijf  gQ(u;v)  ejY. 


(150) 


(151) 


(152) 


(153) 
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Figure  69  Two-channel  Monopulse  Comparator 


It  is  clear  from  (153)  that  the  effect  of  a  postcomparator  shift 
y$is  to  change  the  apparent  value  of  "y  by  the  same  amount  Q  .  This 
introduces  crosstalk  at  the  output  of  the  quadrature  phase  detectors 
(demultiplexer)  but  there  is  no  change  in  the  bore  sight  axis  (direction  of 
target  for  zero  error  channel  output).  Sufficient  crosstalk,  ;  ^wever, 
can  lead  to  instability  of  the  servo  loop.  It  is  also  clear  that  a  change 
in  pcstcomparator  gain  results  in  an  equal  change  in  the  apparent  value 
of  sin  \jj  .  This  effect  is  best  viewed  as  a  change  in  the  servo  loop 
gain. 

Now  consider  the  error  channel  output  when  precomparator  un¬ 
balances  are  present. 


:e<r>  =  -  A.e-j|u-e‘»  ♦  ej,V2(AaetJ(v+fy  -A3e'i(T-% 

Bore  sight  corresponds  to  the  quantity  in  the  square  bracket  being  zero. 
Again,  assuming  u<<1,  v.<<1,  0j^<1  we  have,  setting  the  real  and 
imaginary  parts  equal  to  zero, 


(Ai  "  A4  )  -  Aa  (v  +  0a )  -  A3(v  -  03)  =  0 
Ai  (u  *  0J  +  A«.(u  -  04)  +  Aa  -  A3  =0 


Solving  these  two  equations  for  u  and  v  gives  the  new  bore  sight  direction 
as, 


Ai  -A.  +A3  03  -Aa0a  Ai  ~A4  . 


Ai  +  A 


The  bore  sight  error  can  be  obtained,  with  the  help  of  (148)  as 


-i  J  V +  V  -  rb*\° 

m  - - = — -  —  - 

(2rra/X )  (2na/X) 

r_ -  (158) 

1_  1  /(A  Al4  +  A  e3S  )s  +  (A  A3a  +  A  94j  )s  , 

2  (2na/X ) 


A  *  Aj  •  A4  i  etc. 


which  is  the  principal  result  of  this  analysis.  Note  that  if  the  array 
elements  are  adjacent  rectangular  apertures  the  array  is  then  a  square 
of  diagonal  4a,  The  sum  3-dB  beamwidfch  would  then  be  in  the  vicinity 
of  (  X  /2  VT &)  radians. 

Equation  (158)  can  be  written  in  a  number  of  different  forms. 

If  the  gain  and  phase  unbalance  terms  appearing  in  (158)  are  considered 
as  zero  mean  uncorrelated  random  variables  such  that, 

(Tp?  -  Average  [  Ax  -A4  ]  2  =  Average  [  A3  -Ag  ]  2  , 

cTg3  =  Average  [  63  -  03  ]3  =  Average  [B4-6i]3,  radians. 

The  bore  eight  rms  error  can  be  written  as, 

V  rms  =  7 T~  Una'/X)1  +  cr62  *  radians  <159) 

For  small  gain  deviations  from  unity  we  can  write, 


20  log  =  20  log 

a4 


1  +  (Ai  -1) 
1  +  (A4  -1) 


=  8.86  In 


1  +  (A,-!) 
1  +  (A4-l) 


=  8.86  ( Al  -  A4  ) 


(160) 
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and  the  gain  unbalance  in  dB  is  related  to  0^  as, 


err,  dB  =  8.86  err . 
A  A 

Substituting  in  (159)  gives, 


$  b»  rms  = 


1  1 
'JY  (2n  a/X ) 


/  a 

Y  (8.86)^  '  0-0  ’ 


radians. 


Thus,  it  appears  that  a  1  dB  amplitude  unbalance  is  equivalent  to 
(1/8.86)  radians  (6.5  degrees)  of  phase  unbalance.  Also,  1  dB  of 
amplitude  unbalance  amounts  to  a  bore  sight  shift  in  the  vicinity  of 
100/{  IT  x  8.  86)  =  3.  6%  of  3-dB  beamwidth. 

3.  SUMMARY 


Several  characteristics  of  two-channel  monopulse  systems  can 
be  deduced  as  a  result  of  the  previous  paragraphs  and  other  sections 
of  this  report.  Major  system  characteristics  are: 

a.  Two-channel  monopulse  processing  retains  the  sum 
channel  characteristics  of  full  monopulse.  The  pointing  errors  due 
to  thermal  noise  are  degraded  3  dB  with  respect  to  a  three  channel 
system  as  a  result  of  combining  the  two  error  signals  onto  a  single 
channel. 


b.  Phase  multiplexing,  combining  the  error  channels  in 
phase  quadrature,  can  be  accomplished  with  passive  circuitry.  Time 
multiplexing,  the  basic  Q  function  multiplication  described  in  Section 
XII,  cannot  be  done  without  the  use  of  microwave  "switching"  (e.g.  , 

a  switch,  modulator,  phase  shifter,  or  equivalent  "semi -passive" 
functional  operation). 

c.  Time  multiplexing,  as  used  in  pseudo-monopulse, 
exhibits  ar.  identical  reaction  to  pre-  and  postcomparator  errors  as 
a  three -channel  system. 

d.  A  phase  multiplexed  two-channel  system  is  sensitive 

to  both  amplitude  and  phase  unbalance  prior  to  the  comparator.  Three- 
channel  monopulse  is  sensitive  only  to  one  type  of  unbalance;  e.g. ,  in 
a  three-channel  phase  monopulse  system,  precomparator  amplitude 


unbalance  is  a  second  order  effect. 


e.  The  effects  of  precomparator  errors  in  a  two -channel 
phase  multiplexed  phase  monopulse  system  can  be  quantitatively 
evaluated.  For  example,  T-  1  dB  amplitude  unbalance  is  equivalent 
to  about  6.  5  degrees  of  phase  unbalance,  which  causes  a  bore  sight 
shift  of  approximately  3. 6%  of  the  sum  channel  3  dB  beamwidth.  it 
can  be  shown  that  a  nearly  identical  bore  sight  shift  would  occur  in  a 
well-designed  amplitude  sensing  monopulse  with  the  same  pre- 
cornparator  error. 

f.  In  a  phase  multiplexed  two- channel  monopulse  system, 
postcomparator  phase  shift  simulates  a  rotation  of  the  antenra  about 
its  bore  sight  axis.  The  rotation  angle  is  the  same  as  the  pha  se 
error;  e.g. ,  a  90  degree  postcomparator  phase  shift  would  cause 

an  elevation  error  to  be  detected  as  an  azimuth  error. 

In  summary,  time  multiplexing  requires  slightly  more  complex 
hardware  than  phase  multiplexing,  but  is  considerably  more  tolerant 
of  phase  and  amplitude  errors. 
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SECTION  XIV 


CONCLUSIONS  AND  RECOMMENDATIONS 


1.  CONCLUSIONS 

The  pseudo-monopulse  technique  has  been  shown  to  offer 
significant  advantages  in  the  design  of  satellite  communications  ground 
terminals.  The  basic  system  design  considerations  have  been  analyzed 
in  detail.  The  effects  of  noise,  amplitude  and  phase  unbalance,  one  or 
more  preamplifiers,  and  imperfect  normalization  have  been  analyzed, 
particularly  as  c;  plied  to  pseudo-monopulse.  The  techrique,  basically 
an  electronic  lobing  system,  is  not  novel  in  itself,  but  the  analyses  and 
compilation  of  performance  characteristics  accomplished  during  this 
program  has  added  to  the  overall  knowledge  of  this  technique.  Pseudo* 
monopulse  is  particularly  well  suited  to  the  satellite  communications 
problem,  since  the  tracking  requirements  are  significantly  less  stringent 
than,  for  example,  in  most  radar  tracking  systems. 

A  second  useful  technique,  the  Automatic  Manual  Simulator 
(AMS),  iB,  in  its  simplest  form,  a  conical  scan  system  where  the  scan 
is  generated  by  moving  the  entire  reflector  and  feed  assembly.  The 
unique  feature  of  this  technique  is  fiat  it  can  (generally)  be  added  to  an 
existing  servo  system  with  a  minimum  amount  of  additional  equipment. 

The  resultant  tracking  system  is  limited  in  dynamic  performance,  but 
is  more  than  adequate  for  use  with  present  communications  satellites. 
Furthermore,  when  applied  judiciously,  the  Bystem  is  reliable,  low  cost, 
and  it  does  the  job.  Thus,  the  AMS  might  be  described  as  the  application 
of  a  well  known  technique  in  an  unusual  manner  to  accomplish  a  relatively 
Bimple  task  in  the  most  economical  way. 

The  basic  TDM  and  FDM  techniques  were  shown  to  offer  no 
significant  advantages  in  the  design  of  single  channel  tracking  systems. 
Furthermore,  the  SCAMP  technique,  which  appeared  to  have  an  advantage 
in  normalization,  is  actually  poorer  in  this  respect  than  conventional 
techniques.  The  poorer  performance  is  due  to  the  wider  bandwidth  re¬ 
quired  in  the  FDM  design  and  due  to  the  fact  that  the  "instantaneous" 
normalization  capability  of  SCAMP  cannot  be  efficiently  utilized  in  the 
satellite  communications  environment.  Full  (three  channel)  monopulse 
was  included  in  the  study,  for  comparison  purposes,  as  was  some 
consideration  of  two-channel  Bystems.  The  two-channel  technique 
is  highly  Busceptable  to  crosstalk  and  boresight  shifts  due  to  amplituue 
and  phase  unbalances.  The  three  channel  system  requires  more  hard¬ 
ware,  but  not  by  a  great  amount,  and  achieves  good  electrical 
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performance.  Thus,  when  the  absolute  maximum  performance  in 
both  communications  and  tracking  in  the  presence  of  noise  is  required, 
conventional  three  channel  monopuise  is  recwr*rnended. 

2.  RECOMMENDATIONS 

Analyses  of  several  SCMTR  techniques  have  been 
accomplished,  but  all  of  the  related  problems  have  not  been  solved. 

As  is  the  case  in  any  investigative  program,  many  interesting  problems 
are  discovered  for  each  one  which  is  solved.  There  ia  also  the  possi¬ 
bility  that  potentially  useful  techniques  have  been  overlooked,  and  these 
should  be  investigated  as  they  come  to  light.  The  "solutions"  resulting 
from  the  present  study  program  are  basically  engineering  compromises 
and  are,  therefore,  subject  to  improvement  as,  for  example,  the  state- 
of  -the-art  changes  or  system  requirements  are  altered. 

One  problem  of  great  significance  in  satellite  communications 
is  the  "threshold"  effect.  Both  the  communications  and  tracking  systems 
exhibit  peculiar  nonlinearities  as  the  received  signal  strength  is  decreased. 
One  effect,  loss  of  normalization,  was  discussed  in  Section  VIII.  Since 
the  normalization,  or  lack  of  normalization,  is  a  function  of  the  basic 
technique,  th.^  type  of  detector,  the  signal  modulation  parameters,  the 
character  of  ihe  noise,  and  the  rate  of  change  of  signal  strength  (to 
mention  a  few  parameters)  ,  a  complete  solution  to  the  problem  would 
require  a  large  scale  program.  A  more  modest  investigation  under 
conditions  most  likely  to  occur  in  a  satellite  communications  environ¬ 
ment  would  be  practical.  For  example,  a  program  to  determine  the 
spectrum  of  the  noise  in  a  coherent  demodulator  was  conceived  during 
this  program  but  not  accomplished  due  to  equipment  limitations.  Such 
a  program  is  recommended,  particularly  when  a  scanning  SCMTR  is 
contemplated,  since  the  shape  of  the  noise  spectrum  would  influence  the 
selection  of  scan  frequency.  The  basic  threshold  effect  in  demodulators 
is,  of  course,  a  long  standing  problem  worthy  of  significant  investigation. 
The  tracking  signal  is,  generally  speaking,  not  immune  to  these  threshold 
effects,  particularly  in  a  single  channel  receiver.  Therefore,  an  investi¬ 
gation  of  threshold  in  communications  demodulators  and  the  resultant 
effects  on  the  tracking  signals  is  needed. 

Some  other  interesting  concepts  which  appear  worthy  of 
further  investigation  include: 

a)  adaptive  design  which  would  be  capable  of  making  an 

instantaneous  tradeoff  between  the  communications  channe ! 
gain  and  tracking  sensitivity.  This  tradeoff  could,  for 
example  be  implemented  in  a  Pseudo-Monopulse  receiver 
by  varying  a  single  directional  coupler. 
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b)  operation  with  more  complex  beacon  signals.  It  is 
possible  that  the  beacon  signal  emitted  from  the  satellite 
could  be  designed  to  simplify  the  ground  tracking  receiver. 
Possibilities  include  multiple  frequency  and/or  pulsed 
signals . 

c)  special  designs  for  specific  satellite  systems.  For 
example,  if  operation  with  only  synchronous  or  near 
synchronous  satellites  is  required,  a  relatively  simple 
combination  of  program  track  and  auto  track  might  be 
advantageous.  Application  of  simple  program  track 
techniques  should  be  investigated  whenever  the  target 
motion  is  highly  predictable  and  is  the  predominant  factor 
in  the  antenna  pointing  error. 

d)  an  investigation  of  cross -polarization  effects  in  monopulse 
systems.  The  degree  to  which  cross -polarized  patterns 
must  be  controlled  to  prevent  system  degradation  under  a 
variety  of  conditions  should  be  examined. 

In  conclusion,  the  engineering  compromises  necessary  to 
optimize  a  specific  set  of  conditions  have  been  made.  It  is  apparent  that 
both  the  conditions  and  the  assumptions  (e.g.,  equipment  characteristics) 
will  vary  in  future  systems.  The  material  in  this  report  will  hopefully  be 
useful  in  future  system  optimizations,  but  it  will  of  necessity  be  incomplete. 
A  continuing  investigation  of  the  overall  satellite  communications  system 
development  is  needed  to  maintain  optimum  subsystem  designs.  As  a 
minimum,  a  periodic  review  of  the  relevant  problems  is  recommended, 
with  emphasis  on  changing  system  concepts  which  might  allow  further 
simplification  in  tracking-communications  receiver  designs. 
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APPENDIX  I 


BASIC  LIMITATION  ON  EFFICIENCY 
OF  PASSIVE  COMBI  NERS 


1.  SUMMARY 

In  the  design  of  single -channel  and  two-channel  monopulse 
systems,  it  may  be  necessary  to  add  two  microwave  signals  at  the  same 
frequency  as  depicted  in  Figure  1.  For  best  operation  in  the  presence  of 
noise  it  is  necessary  that  the  power  transfer  between  each  source  and  the 
load  be  maximized. 

For  passive,  linear,  and  time -invariant  combiners  the 
basic  limitation  on  power  transfer  coefficients,  imposed  by  the  principle 
of  conservation  of  energy  is 


T i  (CJ)  +  T2(C0)  ^  1  (1) 

where,  T;  is  the  power  delivered  to  the  load  by  Source  1,  with  Source  2 
turned  off,  divided  by  the  power  available  from  Source  1;  T2  is  defined  in 
an  analogous  manner  with  Source  1  turned  off.  Roth  sources  are  sinusoidal 
at  frequency  CO  and  maintain  the  same  impedance  in  the  on  and  off  states. 

Magic-tees  and  directional  couplers  have  Tj  +  T2  nearly  equal 
to  unity  when  incidental  dissipation  is  small;  such  devices  then  may  be  con¬ 
sidered  optimum  combiners  and  it  is  fruitless  to  attempt  to  achieve  bettor 
performance  by  the  use  of  more  sophisticated  passive  time -invariant  non¬ 
reciprocal  networks. 

If  the  two  sources  are  at  different  frequencies  conservation 
of  energy  implies 


Tj  (DJj)  +  T2(CU1)  ^  1 
Ti  (0)2)  +  12  (C02)  ^  1 

and  perfect  power  transfer  for  both  sources,  i.  e.  ,  Tj  ( COj)  =  1  and 
T2(C 02)  =  1  is  not  precluded.  In  fact,  such  performance  is  approached  by 
reciprocal  diplexers  as  used  in  communications  systems  which  transmit  and 
receive  on  different  frequencies  through  a  common  antenna. 
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2. 


PROOF 


A  three-port  combiner  can  be  characterized  at  a  single 
frequency  by  its  scattering  matrix^) 


S11 

S12  S13 

s  = 

S21 

S22  S23 

S31 

S32  S33 

The  waves  incident  on  and  scattered  from  the  combiner  (see  Figure  1) 
are  related  as  follows 

bi  = 

S11 

al  +  S12 

a2  +  S13  a3 

b2  = 

S21 

al  +  S22 

a2  +  S23  a3 

(2) 

b3  = 

S3 1 

al  +  S32 

a2  +  S33  a3 

When  the  load  is  matched  it  follows  that  a^ 

=  0  and  (2)  reduces  to 

bi  = 

S11 

al  +  S 12 

a2 

b2  = 

S2 1 

al  +  S22 

a2 

(3) 

b3  = 

S31 

al  +  S32 

a2 

Further,  assume  that  the  sources  at  Ports  1  and  2  are  matched  (zero 
reflection  coefficient).  Then  J  aj  j  -  ,  the  power  incident  on  Port  1,  is 
also  the  power  available  from  Source  1.  With  a£  =  0,  b3  =  S3J  aj  and  the 
power  delivered  to  the  load  is  |  j  |  ai  j  ^  •  The  power  transfer  coefficient 
T  p  defined  earlier  is  given  by 


T]  = 


(4) 


and,  similarly, 


T 


2 


2 


With  both  sources  active  the  principle  of  conservation  of  energy  is 
written  as: 


bl 


2  , 

al 

+ 

a2 

(5) 


i.e. ,  the  power  leaving  the  combiner  is  at  most  equal  to  the  power 
incident  on  the  combiner.  To  prove  the  desired  result,  assume  values  of 
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Equation  (9)  shows  that  if  the  two  sources  are  not  isolated,  i.  e. , 

Si2^t  0,  Spjrt  0,  then  Tj  +  T£  =1 

implies  that  the  combiner  is  not  matched  at  Ports  1  and  2,  i.  e. ,  Sn^:  0, 
S^zzjb  0.  It  can  also  be  shown  that  +  T2  =  1  implies  that  the  combiner  is 
matched  at  Port  3,  i.  e. ,  S33  =  0. 

The  preceding  demonstration  of  (1)  was  based  on  the 
assumption  of  matched  load  and  sources.  This  does  not  detract  from  the 
generality  of  (1)  since  an  arbitrary  source  (load)  can  be  replaced  by  a 
matched  source  (load)  followed  by  a  reactive  network  and  this  network 
may  then  be  regarded  as  part  of  the  combiner. 
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FIGURE  I  -  SIGNAL  COMBINER 


APPENDIX  II 


PSEUDO-MONOPULSE  NOISE  ANALYSIS 


The  signal -to -noise  ratio,  S/N,  at  the  output  of  the  elevation 
channel  in  a  pseudo -monopulse  system  is  determined  in  this  Appendix. 
The  case  of  a  CW  signal  and  a  small  angular  error  are  considered.  It 
can  be  shown  by  more  sophisticated  techniques  that  the  CW  restriction  can 
be  lifted  and  the  results  are  accurate  for  a  frequency  modulated  carrier. 

A  block  di  agram  of  the  circuit  being  analyzed  is  shown  in 
Figure  1.  The  "sampling  signals"  being  considered  are  sine  and  cosine 
waves.  It  has  been  shown  (Section  XU)  that  the  results  are  essentiaUy  the 
same  for  a  wide  range  of  "Q  functions"  (the  sampling  signals)  which 
satisfy  the  basic  requirements  set  forth  in  Section  XU,  The  results  are 
also  valid  for  lobing  and  conical  scan  systems,  with  suitable  modification 
of  the  input  definitions.  In  the  present  analysis  it  is  assumed  that  equal 
noise  power  is  impinging  on  both  error  channels  and  that  die  noise  pro¬ 
cesses  are  independent. 


1.  DEFINITION  OF  TERMS 

Inputs : 


ys(t) 

=  A  s(t)  +  n8(t) 

YelW 

--  B  s(t)  +  nei(t) 

yaz(t) 

=  C  s(t)  r  naz(t) 

s(t) 

=  cos  (Wct) 

Note  that  A^/2,  B^/2,  and  C^/2  correspond  to  the  input 
Signal  power  on  the  sum,  elevation,  and  azimuth  channels,  respectively. 

ns(t),  nei(t),  naz(t)  are  sample  functions  from 
stationary  gaussian  random  processes  with  zero  mean. 

The  noise  processes  have  the  Spectra  defined  below: 
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BLOCK  DIAGRAM  OF  FSEUDO- MONOPULSE  SYSTEM 


(1/2)N. 


fc  -  W/2  —  (f)  -  fc  +  W/2 


(2) 


The  mul  tiplexing  waveforms  are: 

cos  (Wmt  +  0)  (3) 

sin  (Wmt  +  0) 

Define  0  as  follows: 

0  =  a  random  variable  uniformly  distributed  between 

0  and  2  Tt . 

2.  DERIVATION 

The  first  step  in  the  derivation  is  to  find  eel(t).  The  spectrum 
of  eel(t)  will  then  be  determined  from  which  the  S/N  ratio  follows 
immediately. 


b«lW  s  Vel^  *  c°8  (wm‘  +  Q) 


<4) 


A  v1-k  + 

A 


c°«(Wmt+0)  (10) 


t? 


sin  (Wmt  +  0)J  cos  Wct  +  n(t) 


8  a1  (1  +m1'o»{Wmt  +  0)  +  m2  «in(Wmt  +  0))  co.W^  +  nJt) 


Where 


A1  *  A  V1  -  *2 


A  yjl  -  k2 
C  k 


n(t)  =  yfl-  k2  na(t)  +  k  cos  (Wmt  +  6)  neJ{t) 


+  k  sin  (Wmt  +  9)  naa(t) 


(ID 


Find  the  output  of  the  square  law  device 


f(t) 


d2(t) 

[A\l  +  mj  cos  (Wmf  +  0)  +  m2*in  (Wmt  +  9))* 

1  2 

•  cos  W  t  +  n(t) 


(12) 


a 


Write  n(t)  as  follows: 


n(t)  r  x(t)  coa  Wct  +  y(t)  sin  W£t 


d(t)  =  [A\l  +  «lCo.(Wmt  +  e)+m2.in{Wmt  +  «))+x{t)J  co,  Wct  +  tft)  ,inWct  (14, 

f(t)  *  {a*£i  +  micoa(Wmt  +  0)+m2ain(Wmt  +  ©)j  +  x(t)J  2  coa2Wct  ( 

+2y(t){  A1  £1  +  m,cdi(Vmt+g)+m2iin(Wmt+o)]  +  x(t)}  coaWct.inWct 


+y2(t)  sinZw  t 
c 


f(t)  =  {aJ[  1  +  m1coa{Wmt+G)+m28in(Wmt+0)]  +x(t)}2l/2[  1  +  coa  2  Wj J  ( 
+2y(t)  {a2[  1  +  mlCoa{Wmt+0)+m2ain(Wmt+e)]  x(t)Jl/2  ain2  Wct 
+y2{t)  1/2^1  r  cos  2 

The  output  of  the  low  pasa  filter  ia  given  below; 

8(t)  *  co.(Wmt+#)+m2„II(Wrat+#^+x(t,ytU2yJ(t)  „ 


(*  j2r  2  2  2  2 

A  |_  1+mi  co»  <wmt+®)+m2  «in  (Wmt+0)+2  mjCoa{Wmt+0) 

+2  n  .n(Wmu8)+2  mjmgsiniW^t+ejcoatW^+QjJ 

+2  A2x(t)^f  +  mlCoa(Wmt+Q)  +  m2ain{  Wmt+«lx2(t)+y2(t) 


, ,  r  i2r  2,  znz  v  i 

4/2 1  A1  1  /2+m2  /2-J  +  *  (i)+y  (t}+2  A  x(t) 

+  ^2A +  2  iiijA 1  j costW^S) 

+£  £  A  *  m-p^t)  +  2  m^A  *  J  sinCW^t+0) 

+Al2£<Jn12/2  -  m22/2]cc.  2  (Wmt+0) 


+A*  sin  2{Wmt+8) 


The  output  of.the  multiplier  is: 


i(t)  =  g{t)  cos  (wmt+e) 


(18) 


CT  lZ  2  2  2  2  1-1 

=  1/2^A  (1+mj  /2  +  m2  / 2)+x  (t)+y  (t}+  2  A  x(t)  J cos(Wmt+9) 

+[*?  A^mjxftJ+E  mjA1  J  1/2^  1  +  cos  2  (W^t+6)! 

+  f2  A1m2X(t)  +  2  mzAl  1 1/2  sin  2{Wmt+0) 

+A1  £m//2  -  m2  /2j  1/2^  fcos  3  (Wmt+9)^cos{Wmt+0)  J 
+A1  mjxr^  1/2^  'ahi  3  (Wmt+0)  +  sin(Wmt+0)J  J 


Find  the  output  of  the  low  pass  filter: 


eelW 


v[»] 

Lp  1/2  £  £  x*'(t)+y2{t)+2  A  1ac(t)J  costW^t+e)^ 

+  1/2  mjAlZ  +  Lp  1/2  ^A^xft)  cos  2  (W^t+9) 

.+  Lp  1/2  ^  A1m2x(t)  sin  2  (Wmt+of| 

+  1/2  Lp  £  A^jxwJ 


(19) 
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The  spectrum  of  eex(i)  can  now  be  determined  by  performing  die  low  pass 
operation  on  the  Fourier  transform  of  the  autocorrelation  function  of  e(t). 

The  autocorrelation  function  is: 

RiC T)  =  e  [  i(t)  i(t  +r>] 

It  ia  now  convenient  to  use  the  following  theorem: 

If  x,  y  and  z  are  uncorrelated  random  processes  and  p  =  x  4  y  4  z 
Then  Rpff)  =  R^f)  4  Ryytf)  4  Rzz(f) 

Application  of  the  above  theorem  yields: 

Ri<T)  =  l/4Rx2cos(T  )  4  1/4  Ry2co8(r)+Al2Rx  cos(f) 

(20) 

4  1/4  mj2  Al4  4  1/4  Al2mi2  Rx  cos  2 

4  1/4  A^2to22Rx  sin  2  +  1/4  A^miZRx 

.'.S^f)  =  l/4Sx2cos(f)  4  l/4SyZcos(f)  4  Al2Sx  co8(f)  (21) 

4  1/4  m^'A14  4  1/4  Al2mi2  Sx  cos  2(0 

4  l/4Al2m22  Sx  sin  2(0  4  1/4  Al2Sx(0 


Determination  of  power  spectra: 


It  must  be  noted  at  this  point  that  since  nel(t)  end  naz(t) 
were  assumed  to  have  the  same  spectrum  and  hence  equal  power,  that  n(t) 
is  a  stationary  random  process.  Observe  that  n(t)  is  given  by  the 
following  two  expressions: 


n(0 


x(t)  cos  Wct  4  y(t)  sin  Wct 
V 1  -  kr-  ns(t)  4  k  nei(t)  cos  (Wmt  4  0) 


4  k  naz(t)  sin  (Wmt  4  0) 
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The  apeetrum  of  n(t)  is  given  in  Figure  2 


8n  (f) 

Nn 

1 

1 _ 

2 

■ 

! 

i 

HV 

o 

£  -W 

3  lc  __ 

fC  1 

:c'+~ 

Input  Noise  Power  Spectrum  c 

Figure  2 

It  can  be  shown  that  the  variance  of  x(t)  equals  the  variance  of  n(t) 


2  2 
(j  ~rr 
x  wn 


Therefore,  equating  power  and  recognizing  that  Sx(f)  also  has  a  flat 
spectrum  yields: 


s*(f) 


N 


W  o  W 
~T  T 

Power  Spectrum  of  x(  t) 


Figure  3 

The  value  of  N&  can  be  determined  by  observing  that  the  noise  is  made 
up  of  three  components  (n9(t),  nej^(t),  and  n^^and  hence  that: 


Rn(r) 


=  E  £n(t)  n(t+T)J 

=  e{[VT-  k2  ns(t)  +  k  nel(t)  cos(Wmt+0)  +  k  sin(Wmt+0)  naz(t)J  ■ 
-  k2ns(t  +T)  +  k  nel(t  +T)  cos  (Wjt  +T)  +0) 

+  k  naz(t  +T)  sin  (Wm(t  +T)  +  0)1’} 


=  E  £[(l-k2)n8(t)n8(t  +  7') 

+  k2  nel(t)  nel(t  +  f)  cos  (Wmt  +  0)  co.  <Wm(t  +f )  +  0) 

+  k2naz(  t)  naz(t  +T)  sin  (Wmt  +  0)  sin  (Wm(t  +T)  +  0) 

+  k  VT  -  k2  n^t)  n8  (t  +7")  cos  ( Wmt  +  0) 

+  kVT^i  nB  (t  +f)  naz(t)  sin  (Wmt  +  0) 

> kVHk2 n8(t) ne)(t  +T)  cos  (Wm(t  +f )  +  0) 

♦  k2nei(t  +r)naz(t)sin(Wmt  +  0)cos(Wmt-(7)+0) 

+  k  Vl  -  k2n8(t)naz(t  +r)sin(Wm(t  +D  +  0) 

+  k2nei(t)naz(t+f)cos(Wmt+0)sin(Wni(t-^+l 

Note  that  0  is  a  random  variable  uniformly  distributed  from  0  to  277".  Also 
observe  that  n8(t),  and  naz(t)  are  stationary  random  processes  with  zero  mean. 
Hence 

R„lT)  =  Wintt")  (24) 

+  R.in  Wm<f> 

Thus  Fourier  transformation  yields: 

•  "  -Sn{f)  =  (l-k2)Ss(f)  +k2Snel(f)  *Sco8Wm(f)  (25) 

+  k  Sj^^f)  *  Ssin  Wm(f) 

These  component  power  spectra  are  shown  in  Figures  4,  5,  6,  7,  and  8. 

It  follows,  then,  that  Sn(f)  is  as  shown  in  Figure  9. 
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Power  Spectrum  of  n 
Figure  4 


Where - 


(26) 


-  W  o  W 
T  T  , 

Power  Spectrum  -  Sx2(f) 

Figure  10 

Find  Sx2(f) 

■  •?[v'T>] 

Rx2  (T)  =  E  [  x(t)  x(t)  x(t  +T)  x  (t  +T)] 

Theorem:  if  xj,  x2,  X3,  and  x4  are  real  random  variables  with  a  gaussian  joint 

probability  function  and  zero  means,  then: 

*  [  *2  *3  -  e  [*1  *2]  e  b  *4]  4  *  [1  *»]■  b  b 

+  E  [X1  *4]  E[x2  x3] 

Application  of  this  result  yields: 

R  2Cn  =  RZ(o)t2RZ(T) 

X  x  * 
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Sx2(fl  =  O'  4  tf(f)  +  2  S  (f)  *  S  (f) 
*  xx 


Sx‘<0 
.  N„2  B2 
K  2Nn2  B 


Power  Spectrum  -  Sx2  (f) 
Figure  H 


Find  S  7  (f) 

x*co~s  (Wmt+0)'  ' 


S  2 
xcc 


■>8(Wmt+9)^  3  f  Rx2cos(W  t+9)^] 


^x2C08(W  t+0)^  -  &  T  X2(t)  cos  (W  t+0)  x2(t+T)  cos 

m  *“  m 

E  f  **(*  +T)J'E  [cos  (Wmt  +  0)#  cosfW^t  +T) 


=  R  2  (T)  •  R  (x) 
x  cos 


/.  S 


x2cos(Wmt+0)(f)  =  Sx2(f)  *  Scos(Wmt+9)(f) 
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Convolution  of  Figures  7  and  11  yielde: 


Find 


Power  Spectrum 
Figure  12 


Sx-cos(Wmt+0)  (f) 

Sxco.<«  *  1  [ 

Rx  co.cn] 

Rxco.cn  =  E  I 

j\(t)  cos(Wmt+0).  x(t  +T)  cos(Wmt  +T)  +  ©J 

-  E 

[x(t)  x.(t  +T)  cos(Wmt+0)  =os(Wmt  +T)  +  oj 

=  Rxcn  RCOicn 

Sx  co.<«  *  Sx<«  *  Sco.«> 


Power  Spectrum 


(29) 


Figure  13 
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Observe  that  the  powers  of  x(t)  and  y(t)  are  identical  and  that  they 
occupy  the  same  frequency  band.  Bence,  the  ape  drum  of  y(t)  i.  Identical  to  the 
epectrum  of  x(t)  which  has  already  been  determined. 


Hence  ( 


f  —  s2  Wl  *  Lprj_S?  (f)  *| 

4  y  co®  J  ^  L  4  x^cos  J 


where  Lp  is  the  low-pass  operitor  (represents  1 
Find  S. 


>w-pasa  filtering). 


Sx  cos2^ 

cos2^  = 

*  [R*  co.2rn] 

Rx  cos2**^  = 

E 

[x(t)  cos  2(Wmt+0)  X(t  +T)  cos  2  (Wm(t  +T)  +  o] 

E 

[x(t)  *(*  +T)J  E  £  cos  2  (Wmt+0)  cos  2  (Wmt+T) 

* 

R  ( 
x' 

^  Rcos  2  (Wmt+0) 

«  *  Sx  cos  2^  s  Sx(f)  *  SCOg  2(f) 


S(f) 

cos  2(W2t  +  0) 


Power  Spectrum 

Figure  14 


Application  of  equation  30  and  Figures  10  and  14  yield: 


Due  to  the  fact  that  x(t)  and  y(t)  have  identical  statistics  and 
since  sin  and  cos  have  the  same  power  spectrum, 

Sy  sin  2(*>  ls  ideB,ical  to  Sx  coa  2(fl 

Sy  sin  2  (Wmt+0)(«  1  Sx  cos  2  (Wmt+0)(*)  (32) 

The  total  power  in  eej(t)  may  now  be  determined  from  an  inspection 
of  equations  19,21,29  and  31;  Figures  10, 12,  13  and  15;  and  the  application 
of  the  low  pass  operation  of  bandwidth 
Combining  equations  19  and  21, 
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Now  not#  that^J  c  v  W  -  2f  <W-f 


Substituting: 


*  -^N=2,W  -  W  2/3  ♦  |Nn2,w  .  ,m)  2/3 

+  —  A1  mlZNn  ifi*  n>22  J 

4  4  £  ( 

1  ,2  ,  N  _  ,  ' 

V A  mi  — 

4  *5  ^  1 


The  noise  power  in  eeJ(t)  is  given  by: 
Noise  power  in  eeJ(t)  =  N  2(W  -  f 


"  ptWer  in  %1<‘>  *  »„2(W  -  I J3*  A 1  +  Ai: 

*  \*<»  -  <j/3^'\/3  *.  ±A'\\pl±Al‘ 

4  4 


The  signal  power  is  found  to  be: 


i4  2 

Signal  power  in  eel(t)  =  *  ml 


Hence  the  signal  to  noise  ratio  is: 


(I). 


a'.* 


A]2Nn/?+  NnZ(W  .  .')/?+ 


r 


It  is  desired  to  express  (  _  j  in  terms  of  the  variance  of  the  noise  at  the 

'  N  'out 

input  of  the  system. 

Equating  noise  terms. 


c;r2  -  Nerw 


cr3  =  nsw 


f  N  ,  +  N  \ 


o  el  az  ? 

N  .•  =  k2  +  (1  -  k  )  N 

n  -  '  '  s 


butNel  =  Naz  define  Ner  =  ^el  =  ? 


N. 


az 


N 


=  kZ  (Ncr)  +  (1  -  k2)  Ns 

,2  °er2  2.  CTs2 

=  k  -  +  (1  -  k  )  _ 

w  w 


whe  re 


(T-  -  variance  of  noise  intO‘both  error  channels 

uer 


f  •  • 

q —  =  variance  of  noise  into  sum  channel 


S 

N 


.l4  2 

A  mj 


out 


4  N  /?Fai2  +  N  (Vv  -  f  )  +  3  +  1  A1 

n<  n  m  -  — 

^  A  A 


?  Z 
m.. 


a  l2  2 
A  m^ 


♦  _N-(w->)  ] 
L  4  4  a  1^  J 


(38) 


(39) 


(40) 


:  1 1 
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Substitute  for  A  ^ ,  N. 


'cut 


*2,.  ,2,  2 

A  (i  -  k  )  mj 

«?  ^  Tl  -  k2)  " 


P 


w 


(42) 


1/  'I 


r  3 

>,  i  + _ 

2  i  2 

mi  4  itu  4 

r  ? 

k2  O'  2  4  (1 
e  r  v 

-  k2>  crs2 

<W'£m>  I 

4 

4  “ 

_  w 

A2(  1  -  k2)  J 

Note  fm-<  <W 


Substitute  for  and  m2 


A2(l  -  k2) 


B2  k2 


A  1  -  k 


out 


4 

kZ  <Jer2  4  (1 

.  2v  2  ' 

-  k  )  CTS 

Q 

L  w 

H 

(43) 


1/ 


1  4 


3  B2  k2 


2  2  ..  Z  2  2,  2 

1  C  k  k  C7;r  +  (1  -  k  )CT 

+  4  er  3 

1 


z  2  2  -  -  £ 
A  (1  -  V  )  4  A  (1  -  k  )  A  (1  -  k  ) 


Let 


K  = 


1  -  kc 
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The  signal  power  at  the  input  of  the  sum  channel  = 


The  signal  power  at  the  input  of  the  elevation  channel  =  _ 

2 

C2 

The  signal  power  at  the  input  of  the  azimuth  channel  =  _ _ 

2 

Substitute  for  the  above  power  expressions  using  the  notation  below: 


(45) 
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Then 


2 


*[y  °er2  +  <*  -  k2>  O'. 


1/* 


2 


B 

2 


1  C2  2 


^r 


cr8 


K  + _  K  +  KL  A 

4  2  A2  T 


+2A 


P  ,k 

el 


*!**  O'.,2  ♦  <1  -  k2)  O'.2]  ( 


1/  * 


3  Pel  i  P 

1  +  —  _  K  + _ 

4  p  4  p 


az  0^$ 

!1k  +  k  +__ 


2P,  2P, 


dividing  numerator  and  denominator  by  1  -  k 


P  .  K 
el 


2  [  K  o:r2  +  cr 2 1 


Equation  47  is  the  desired  result.  The  output  S/N  far  the 
elevation  channel  is  expressed  in  terms  of  the  three  input  signal  powers,  the 
two  input  noise  powers  (the  two  error  channel  noise  powers  were  assumed 
equal),  and  the  pre-detection  and  post-detection  bandwidths.  The  coupling 
factor,  a  system  design  parameter,  is  included  since  it  determines  K.  This 
expression  reduces  to  commonly  used  approximate  forms  when  the  usual 
simplifying  assumptions  are  made;  e.  g.  ,  Paz  -  Ps  ^  Pel>  CTZ> 

( yer 2  =  crBZ,  and  K«1  as  appropriate. 

The  rms  pointing  error  due  to  noise  can  be  evaluated  when 
the  appropriate  relations  between  antenna  parameters  and  signal  functions 
are  known.  Typically,  the  error  channel  power,  Pel,  would  be  expressed 
in  terms  of  angular  error;  i.e.,  the  error  channel  slope.  Then  the  pointing 
error  is  most  easily  evaluated  by  setting  the  output  S/N  to  unity  (i.e. ,  let 
the  pointing  error  signal  equal  the  noise)  and  evaluating  Pei  using  equation 
47.  The  antenna -to -signal  relationship  then  provides  the  desired  pointing 
error  in  terms  of  Pel. 


APPENDIX  III 


X-BAND  LOW  NOISE  RECEIVER  SURVEY 


1.  INTRODUCTION 

This  appendix  represents  the  results  of  a  survey  of  the 
most  important  X-band  "front  end"  receiver  characteristics  which  are 
pertinent  to  the  SCMTR  problem.  The  most  important  types  of  front  ends 
in  present  use  have  been  included  in  this  6urvey.  They  include  Tunnel 
Diode  Amplifiers,  Parametric  Amplifiers,  Traveling  Wave  Tube  (TWT) 
Amplifiers,  and  Diode  Mixers. 

2.  SUMMARY  OF  CHARACTERISTICS 

Following  is  a  tabulation  {see  Table  III- 1)  of  the  characteristics 
of  several  types  of  low-noise  receiving  system  front  ends.  The  tabulation 
is  the  result  of  a  survey  of  available  devices  with  due  consideration  for 
theoretical  limitations  and  the  changing  state-of-the-art. 

A  more  thorough  utilization  of  the  available  references  will 
yield  further  details  of  each  type  of  device  for  the  interested  reader. 

(Harvey,  reference  28,  gives  687  references  on  low  noise  amplification.) 

With  the  exception  of  the  TWT,  the  values  given  as  device  noise 
include  the  noise  generated  in  the  device  as  well  as  noise  contributions  from 
second  stages,  lossy  circulators,  etc  Since  the  TWT  does  not  have  a  cir¬ 
culator  associated  with  it  and  it  is  a  high  gain  device  (which  makes  the  second 
stage  noise  contribution  negligible),  the  value  given  in  the  table  will  be  close 
to  the  system  noise  figure.  The  noise  temperatures  given  for  the  parametric 
amplifiers  are  obtained  with  the  narrow  bandwidths. 

The  column  titled  "3  db  bandwidth"  gives  typical  values  for  fixed 
bandwidth  wide-band  front  ends.  The  tunable  bandwidths  represent  the  wider 
of  the  ones  available.  The  gain-bandwidth  product  is  a  constant  for  a  given 
device  for  the  Parametric,  Tunnel  Diode,  and  Maser  Amplifiers.  Thus,  for 
a  given  device,  the  bandwidth  may  be  increased  with  a  corresponding 
decrease  in  gain.  The  exclusion  of  a  tunable  bandwidth  for  the  TDA,  TWT 
and  Masers  is  due  only  to  the  fact  that  maximum  reliable  values  are  some¬ 
what  questionable  and  does  not  infer  that  the  bandwidths  of  these  devices  are 
not  tunable. 

The  saturation  levels  given  are  the  values  at  which  gain 
compression  begins  and  is  about  20  db  below  the  maximum  allowable  inputs 
(with  the  exception  of  the  Maser  which  acts  as  a  limiter  on  input  levels  up 
to  around  -10  dbm). 


The  size,  weight  and  cost  columns  represent  typical  values 
and  sizable  deviations  about  these  will  depend  on  such  things  as  type  of 
refrigerator  used,  environmental  shielding  required,  etc.  The  cost 
figure  may  increase  by  several  hundred  percent  when  development  is 
required.  The  phase  and  gain  stabilities  are  representative  of  some 
of  the  best  available  and  are  applicable  under  normally  specified 
environmental  variations. 


APPENDIX  IV 


ACQUISITION  CONSIDERATIONS  WI  TH 
PSEUDO-MONOPULSE  TRACKING 


This  appendix  considers  the  acquisition  problem  for  a 
pseudo -monopulse  tracking  system.  The  general  acquisition  problem 
for  a  non-tracking  system  is  first  discussed  to  ihtroduce  the  problem  • 

and  to  establish  a  basis  for  comparison.  A  somewhat  detailed  analysis 
of  the  performance  of  different  generic  classes  of  acquisition  receivers 
may  be  found  in  reference  4.  Next  the  particular  characteristics  of  a 
pseudo -monopulse  tracker  in  relation  to  acquisition  are  discussed  and 
their  effects  on  performance  are  analyzed. 

1.  THE  GENERAL  ACQUISITION  PROBLEM 

The  acquisition  problem  is  that  of  detecting  the  presence  of 
a  signal  emanating  from  a  satellite  in  which  some  uncertainty  exists  both 
in  the  frequency  of  the  signal  and  the  spatial  location  of  the  emitter.  If  the 
frequency  uncertainty,  due  to  doppler  shifts  and  oscillator  instabilities,  is 
much  greater  than  the  signal  bandwidth  and  if  the  spatial  uncertainty  is  much 
greater  than  the  antenna  beamwidth,  then  the  acquisition  problem  may  be  a 
very  important  system  consideration.  Given  a  particular  antenna  scanning 
strategy,  an  acquisition  receiver  is  required  to  detect  the  signal,  in  the 
presence  of  noise,  with  some  confidence  level  while  not  false  alarming  on 
the  noise  alone.  Acquisition  receivers  may  be  divided  into  three  generic 
classes: 

(1)  "frequency  swept"  in  which  a  relatively  narrow  band 
IF  is  effectively  swept  in  time  over  the  frequency  un¬ 
certainty  and  the  detected  output  is  compared  to  a 
threshold  level. 

(2)  "wide-open"  in  which  the  IF  bandwidth  is  made  equal 
to  frequency  uncertainty  but  appreciable  post- detection 
filtering  can  be  employed  prior  to  the  threshold 
comparison. 

(3)  "multi-channel"  in  which  several  relatively  narrow 
band  IF's  perform  a  simultaneous  frequency  search 
while  still  enjoying  the  advantage  of  narrow  post¬ 
detection  filtering  prior  to  threshold  comparison. 

The  performance  capabilities  of  these  three  classes  of 
receivers  as  well  as  a  more  detailed  discussion  of  the  acquisition  problem 
is  provided  in  the  Appendix. 
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2. 


PSEUDO-MONOPUL-SE  ACQUISITION 


In  this  section  the  peculiarities  of  pseudo-monopulse  are 
discussed  to  the  extent  that  the  acquisition  is  affected  and  different  from 
full  3-channel  monopulse.  For  3-channel  monopulse,  it  is  assumed  the 
acquisition  receiver  is  located  after  the  preamplifier  of  the  sum  channel. 

In  pseudo -monopulse  if  the  signal  is  taken  off  the  sum  channel  prior  to  the 
directional  coupler  and  if  a  comparable  preamplifier  is  used,  then  the 
acquisition  performance  of  3-channel  monopulse  could  be  realized;  however, 
this  ’9  not  considered  a  practical  solution.  Next,  since  tracking  does  not 
occur  simultaneously  with  acquisition,  it  is  permissible  to  switch  out  the 
directional  coupler  and  obtain  acquisition  performance  comparable  to 
3-channel  monopulse  except  for  the  loss  incurred  in  the  RF  switch.  With 
fairly  fast,  low-loss  switches,  this  appears  as  an  attractive  possibility 
and  should  be  considered  in  any  system  design.  The  third  consideration 
is,  if  the  directional  coupler  is  left  in  and  the  acquisition  receiver  operates 
on  the  composite  signal,  then  a  different  situation  exists  and  some  analysis 
is  warranted. 


In  order  to  express  the  RF  voltage  in  terms  of  an  angle  off 
boresight,  a  phase  sensing  monopulse  is  assumed  since  this  is  more 
amenable  to  the  mathematician  and  is  considered  typically  representative. 

In  particular,  for  a  square  array  and  an  angle  off-boresight  in  elevation, 

0e,  the  single  channel  IF  voltage  can  be  written  in  terms  of  the  combined 
sum  and  error  channel  signals.  For  the  case  in  which  the  error  channel  is 
combined  in  RF  phase  quadrature  with  the  sum  channel,  the  IF  voltage  prior 
to  limit;ng  can  be  written  as, 

_ 2 

e  i  =  Vl  -  k2  A(9e)  cos  </*e>  cos  ^COct  +  0(t)J 


+  k  Qe(t)  2  A  (9e)  sin  (  JJ.  e)  sin  J^Cl)  ct  +  0(t)J 

where  A(6)  is  the  antenna  pattern  of  a  single  reflector,  0(t)  is  the  assumed 
angle -modulated  communications  information,  end  (X  e  =  7Td/,\  sinOeis 
related  to  the  angle  off-boresight.  The  squared  envelope  for  this  voltage 
can  be  written  as, 

e2  =  4  A2(0S)  cos2(Me)  -  k2  4  A2(0e)  £cos2(//(e)  -  Q2e(t)  sin2(/4e)j 

The  first  term  is  recognized  as  equivalent  to  that  of  a  3 -channel  monopulse 
or  that  which  would  occur  if  the  directional  coupler  were  switched  out.  The 
second  term  represents  the  change  due  to  the  pseudo -monopulse  configuration 
and  it  is  seen  for  on-boresight  conditions  (0e  =  jXe  -  0),  the  loss  of  power  is 
given  by  1  -  k2  as  would  be  expected.  For  angles  off-boresight,  the  power 
contribution  of  the  error  channel  which  varies  as  Qe2(t)  adds  to  the  sum 
channel  such  that  the  average  power  increases;  however,  this  increase  is 


1 


not  significant  for  angles  off-boresight  less  than  about  the  3  db  antenna 
beamwidth  angle.  Similarly,  for  the  AM  case  (error  channels  added  in  RF 
phase  coherence)  the  IF  signal  is  given  by, 


e3 


{ 


Vl  -  k2  2  A(«e)  co«  ( >Xt)  +  kQe(t)  2  A  <8e) 


J 


£cos  OJcfc  +  0(t)J 


and  the  squared  envelope  is  given  by 

e4  =  e2  +  k  Vl  -  k2  4  A2(Qe)  cos  (  //e)  sin  </<e)  Qe(t) 

Thus,  on-boresight  the  power  is  reduced  by  the  same  factor  (  1  -  k2) 
while  for  off-boresight  angles,  the  power  generally  increases  as  before 
but  also  has  the  above  second  term  which  varies  as  Qe(t). 

The  acquisition  performance  for  ps eudo -monopul  se  tracking 
systems  can  be  interpreted  from  the  above  equations  and  the  acquisition 
analysis  contained  in  reference  4.  Basically,  the  receivers  analyzed  in 
reference  4  detect  the  energy  in  the  IF  signal  over  a  time  comparable  to 
the  sweep  time  for  the  frequency  -swept  receivers  and  over  a  time  com¬ 
parable  to  the  servo  integration  time  for  the  non-swert  receivers.  In  any 
case,  the  acquisition  performance  due  to  the  pseudo-monopulse  scanner  is 
no  worse  than  a  .1  -  k2  loss  of  signal  power  which  for  a  nominal  10  db 
coupler  is  0.46  db  loss.  The  above  equations  show  that  for  angles  off- 
boresight  as  would  be  encountered  during  the  antenna  search  mode,  additional 
power  is  available  for  acquisition  up  to  the  above  0.46  db  value.  However, 
since  the  lots  is  small  and  since  the  communications  receiver  degrades  by 
the  same  factor,  it  is  not  considered  worthwhile  to  exploit  this  small, 
potential  acquisition  performance  advantage. 
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